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Abstract 

0\ ■ 

Q\ • Quantization and renormalization of the left-right symmetric model is the 

main purpose of the paper. First the model at tree level with a Higgs sector 

containing one bidoublet and two triplets is precisely discussed. Then the 

canonical quantization and Faddeev- Popov Lagrangian are carried out ('t Hooft 

^- gauge). The BRST symmetry is discussed. Subsequently the on mass shell 

r-| ! renormalization is performed and, as a test of consistency, the renormalization 

of the ZNiNj vertex is analyzed. 

X 



I Introduction. 

The Standard Model (SM) agrees with all ever done experiments on both classical and quantum levels El. Any 
announcement of detection of a new, non-standard signal has, sooner or later, died out. For instance, world-wide 
discussed discrepancies at LEP have disappeared when more data have been collected and analyzed O]. However, 
recent Superkamiokande (SK) atmospheric observations g show (indirectly) strong evidence for neutrino mass. This 
has been recognized as a first positive sign of physics beyond the orthodox SM. Nonzero neutrino masses are quite 
natural in the electroweak theory. With the known left-handed neutrinos and the standard Higgs doublet massive 
neutrinos appear from higher dimension operators acting at the Planck scale [Q. However, expected effects of quantum 
gravity in SM induce Majorana masses, few order of magnitudes smaller than we need to explain SK data ||]. In these 
circumstances right-handed neutrinos seem to be inevitable in the theory and open the route to higher unification 
e.g. via left-right symmetric gauge groups |^,^. Whether such models are responsible for the SK signal is still an 
open question. Putting aside the problem of neutrino masses, left right models have many other interesting and 
nonstandard features. Actually, the theoretical concept of the left-right symmetry in physics at very high energies 
has already been invented almost 25 years ago simultaneously with the idea of GUT models [^jQl- 

The smallest gauge group which implements the hypothesis of left-right symmetry of weak interactions is 

SUi2)L®SUi2)R®Uil)B-L- (1) 

This gauge group can be understood as a second step (after the SM) in unifying fundamental interactions and 
unravels several puzzles of the SM. 

First of all it restores quark-lepton symmetry. In the SM both left-handed neutrinos and charged leptons of the 
same flavour are elements of the same object with respect to the SU(2) gauge group. The same happens with left- 
handed up and down quarks. However, right-handed fields i.e. quarks and leptons are not treated in the same way: 
they are singlet fields with respect to the SU(2) gauge group. In the left-right symmetric models both left-handed and 
right-handed fields are treated in the same way - they form doublets under SU(2) left- and SU(2) right- gauge groups. 
Moreover, violation of the space inversion symmetry is not an ad hoc assumption but follows from vacuum structure 
of the theory. At high energy parity is conserved, but at some energy scale vj^ (connected with the masses of heavy 
gauge bosons) the space inversion symmetry is broken spontaneously. Observed near maximal parity violation at low 
energies is explained by the large difference between masses of heavy and light gauge bosons. The suppression of the 
right-handed charged currents (not visible up to now) is linked with the high-low (left-right) energy gap, too. 

Phenomena mentioned above are generic to the left-right symmetric unified models. There are also other important 
features of the model which appear naturally and are able to solve some unanswered SM's problems. Among them 
the following issues can be specified: 

i) Small masses of light neutrinos. 

In the conventional version of the L-R model Iq] we have three light and three heavy (presumably Majorana) 
neutrinos. Small masses of known neutrinos can be explained via so-called seesaw mechanism B. 



ii) Physical interpretation of the C/(l) generator as the B-L quantum number jl^] 

The SM has an anomaly free global B-L symmetry. The right-handed neutrinos create the B-L symmetry to be 
local and anomaly free. Such a symmetry is gaugeable which makes it possible to replace the arbitrary weak 
hypercharge Y of the SM by better known and invented earlier B(aryon) and L(cpton) numbers. Then the 
electric charges of particles are connected with known quantities, eigenvalues of the left (T^l) and right (Ts/?) 
generators of the SUl{'2) and SUii{2) groups, respectively in the way: 

Q = T3L+nR + ^-J^- (2) 

iii) Charge quantization [nl|. 

If neutrinos are Majorana particles (Dirac neutrinos are not so natural) then the B-L number is violated and 
the requirement that the theory must be anomaly free (which is necessary for renormalizability) leads to charge 
quantization. 

iv) Understanding of the smallness of CP violation in the quark sector [Q . 

In some versions of the L-R models phases responsible for CP violation are connected with the right-handed 
quark sector. Then the smallness of the CP effect is related directly to the suppression of the V+A current: the 
bigger Mw2, the smaller CP violation. 

v) Solution of the strong CP problem flq] . 

As it was mentioned above mirror symmetry is an exact symmetry in the L-R models before spontaneous 
breakdown. Then the strong CP parameter Q changes under parity to —0, thus in the L-R models = 
naturally. Small, finite contributions to Q arise at two loop level. 

Not all puzzles of the SM are solved. Some of them still remain. The large number of parameters (masses and 
mixing angles) and the fine-tuning problems (the naturality problem and the cosmological constant problem) wait for 
disentanglement. Supersymmetric version of the model finds the answer to some questions (e.q. naturalness problem) 
but still more of them wait for an explanation. We may only hope that all these doubts will be explained in the 
future. 

Plenty of different L-R symmetric models based on the gauge group Eq. (1) have appeared in the literature [Q. 
They have usually been used to find out new phenomcnological phenomena connected with 



• 



extra gauge bosons at lepton |15|^7[ and hadron colliders |17-19 



heavy neutrinos at e+e |16|,|l9|-p2|, e 7 [E2| and hadron colliders [E3|; 



• doubly p4 25|, singly charged E4,ME7| and neutral p4J27^,B8| Higgs particles; 



lepton number violating processes at both high [g9| and low energies [SO 



• CP effects in Higgs ||3l[, lepton ||3|] and quark Q, Q sectors; 

• electromagnetic properties ||34| and nature [pSj of neutrinos; 

• flavour changing neutral processes (FCNC) p6| |; 

• Kaon 11,11 and B H physics. 

We are aware of only few papers where radiative corrections to the LR model have been used |4C)[|4l| ] . Typical non 
standard one loop diagrams have been used very rarely (finite box diagrams) |^^. Wherever needed, only the SM 
virtual corrections have been considered ||37| , [42| . Such a (misleading) procedure has been justified by the argument 
that corrections to small non standard tree level diagrams are negligible (see for contrary arguments in |[43| , [44| ). 
However, the experimental results (for example from LEP I and II) are getting better and better. We also do not 
know the role of the Higgs sector in the case of strongly broken 'custodial' symmetry. Moreover, it was found ^^l that 
in left-right models heavy boson scalars do not decouple in low-energy phenomena. In such circumstances a natural 
question arises whether non standard corrections are really negligible. To answer that question it is necessary to 
calculate them. To make it properly the model has to be renormalized (see ||43|| for another renormalization approach 
to the LR model). 

Since 1971 we know |^^ how to build a renormalizable gauge field theory. The L-R gauge model satisfies all its 
requirements so it is a renormalizable model. Although theoretically understood, the problem is how to make it in 
practice, especially when much more new quantities in comparison to the SM must be worked out. The problem is not 
only with the larger number of Fcynman diagrams which have to be added for each quantity. New important renor- 
malization constants such as new heavy gauge and Higgs fields appear. There are also two new mixing angles between 
charged and neutral gauge bosons. Mixing matrices in quark pq ] and lepton W^ sectors have to be renormalized. 
Neutrinos are Majorana particles so little more complicated techniques have to be applied Pq| . 

At the beginning of the development of the L-R models the breaking of the gauge symmetry was implemented by 
choosing two Higgs doublets xl (2,0,2) and Xfl,(0,2,2) and the bidoublct (j){2,2fl) |Q. Later on it was realized that 
choosing, instead of two doublets, two Higgs triplets Ai(3,l,2) and Afl(l,3,2) the smallness of neutrino masses may 
be connected with the large scale of right-handed symmetry breaking [p()|j5l| ] . For many different purposes also other 
Higgs sectors were considered. It made it possible to understand a small mass for neutrinos by radiative corrections, 
to have see-saw mechanism for Dirac neutrinos, or to eliminate the FCNC in quark interaction. There were introduced 
Higgs sectors with (i) bidoublet, doublets and triplets |5j], (ii) doublets and triplets Q, (in) doublets and singlets [ p4[ . 
We will focus here on the model where two triplets and bidoublet form the Higgs sector and where P symmetry prior 
to symmetry breakdown is assumed (for models without explicit P symmetry, see e.g. |55| , |56|] ). This is a realization of 
the so called Manifest (or quasi-manifest) L-R symmetric model where the gauge couplings gL and gn of the SU{2)l 



and SU{2)fi subgroups, respectively, are equal |57|-59[| and Yukawa couplings form hermitian matrices |60|. 

At the tree level this minimal (manifest or quasi-manifest) L-R symmetric model has been analyzed extensively 
from both theoretical |Q and phenomenological point of views Q , ^] , |Q . 



In order to be consistent with observed phenomena, the symmetry breaking pattern in our model should satisfy 



inequalities: vb. » yK^ + t^ » vl where u_r, ki, K2, vl are the VEVs of appropriate fields (see Chapter 1). To 
avoid fine-tuning problems with the model parameters it was shown that ul = should be imposed |5l| , |64[| . In what 
follows we also require vanishing of VEV for the left-handed neutral triplet field, < A^ >o= 0. The most general 
form of the L-R symmetric Yukawa potential is worked out, however, with one assumption that there is no hard CP 
violation in the Higgs sector ||5l[| . 

In the next Chapter we describe in full details the model at the tree level. First, the Lagrangian in the weak basis 
before diagonalization is discussed. Then the Higgs potential is described. The fermion and boson mass matrices are 
diagonalized, the L-R model Lagrangian in the physical basis and CP symmetry are considered. Presented couplings 
among the physical fields are very convenient in practical model applications. In Chapter 3 the procedure of the L-R 
model quantization is presented. The linear gauge fixing terms are introduced (the 'tHooft gauge). The Goldstone 
bosons and the Faddeev-Popov ghosts are defined. Next BRST transformations for all physical and unphysical fields 
are introduced and afterwards the Faddeev-Popov ghost Lagrangian is given. In Chapter 4 the renormalization 
procedure is presented. All renormalization constants for the fields, masses, mixing parameters are defined. The 
renormalization of the charged and neutral current mixing matrices is described. Finally in Chapter 5, to check the 
consistency of the procedures the renomalization of the ZiNiNj vertex is performed. At the beginning the general 
scheme and calculations of necessary renormalization constants are presented. Then, the cancellation of the infinite 
part of the ZiNiNj vertex is analyzed. 

II Model at the tree level. 

We write down below the full Lagrangian at the tree level which we use in the paper. First we present the Lagrangian 
in a weak unphysical base. Then, after mass matrices diagonalization, the Lagrangian in the physical base is given. 

2.1 STRUCTURE OF THE LAGRANGIAN OF THE THEORY. 

2.1.1 Fermion and gauge fields. 

In the SU{2)l <Xi SU{2)ji ® U{1)b-l gauge model quarks (Q) and leptons (L) are placed in doublets ||6^ 

^) : (2,1,-1), Ur^ (^ : (1,2,-1), (3) 

^!) : (2,1,1/3), Q^R-{^^ ■■ (1,2,1/3). (4) 

i=l,2,3 runs over number of generations. The numbers {cIl, d_R, Y) in parenthesis characterize the SU{2)l, SU{2)ii 
and U{1)b-l representation. dL,R denote dimensions of the SU{2)l and SU{2)r representation, Y = B — L. The 



quantum numbers for U{1)b-l gauge group are connected with charges of the particles by Eq. 
(Eq. (^) and (|j)) have the foUowing gauge transformations {'^l.r. = {Q,L)l.r) 



The fcrmion fields 



*'. 



^-ig' -e{x) ^-igR^eix) 



*/ 



(5) 



Gauge invariance is achieved when 7 gauge fields (Wl.b) , B^^ are introduced. Then, appropriate covariant deriva- 



tives for '^L,R fields are 






(6) 



with the following gauge fields transformations 



-Wl, 



-igL.R^(iL,R{x) 



-Wl,r] e 



JgL,R^&L,Rix) 



g-igL,R^&L,R(x)Q ( giffl-.i?. 5-0-L,r(2;) ] 



19l,r 



1 



B'^ = B^- —e-'3'^^(^)d^ U'^'^S(^)\ 
ig \ / 



(7) 
(8) 



We start with the three different couplings gL, gR and g'. Transformations defined in Eqs. (Qj^) allow consistently 
to build up two kinds of invariant interactions. The first one gives the fermion-gauge interaction 



Lf= Y. ^Lrhd^+gL^WL^+g'^Bj^L + iL^R). 



(9) 



The second gives the gauge-gauge one 



Lg = -\w^:Wl^^, - \w^-Wr.^^, - ^B^'B^,, 



(10) 



where 



WUr = d^W^^^^ - d^W^^,^ + gL..R{W^L.RW:^L,R - W^^,rW^^^^), 
W^L.R = d^W^LM - d^'W^L.j,, + gL.RiW^L.RW^^.R - W^^,j,W^^,r), 
W,Zr = d'-W.^R - d'^W,^^^^ + gLAW^L,R^!^L,R - W^^^^W^^A, 



(11) 



Until now fermion and gauge fields are massless - mass terms which could appear are not gauge invariant. To 
make them massive we have to introduce scalar fields - Higgs particles and apply the spontaneous symmetry breaking 
mechanism. 



2.1.2 Higgs sector of the theory. 



In order to produce fermion mass matrices we need to introduce only one Higgs multiplet - the so called bidoublet 
58| (again, as in the fermion case, in parenthesis quantum numbers {d^, dn, B — L) are given) 



with gauge transformation 



I l\\ ^ <"■»)■ 



^-igL^Qix) 1 ^igR^e(x) ^ 



Consequently the most general Yukawa Lagrangian is given by 

iy = - ^ LiL [{hi)tj4> + {hi)i]4>) LjR - ^ QiL ({hq)ij(f> + {h^)ij(j}] Qjr + h.c, 

where 



«.j 



T2(P T2 






(12) 



(13) 



(14) 



(15) 



is also the object with quantum numbers (2,2,0). However, bidoublet is not sufficient for breaking SU{2)l <8) 
SU{2)ji (g) U{1)b~l to the U{l)em, the only symmetry which remains. There are many other possible ways to break 
the symmetry [^. Among them the most popular ones are models with Higgs triplets (A^ ~ (3, 1, 2), A^ ^ (1, 3, 2)) 
in addition to the bidoublet |58| 



A 



L,R 






Sin 



The gauge transformations for the triplets fields are the following 
Now we can build the kinetic part of the Higgs bosons Lagrangian 



rkin _ rp 
^Higgs — -t ' 



where 



D^^L)^ (i^^Ai)] +Tr \{D^^E)^ {Df^A 



-> T T -> 



Tr 



{D^cp)^ {D^^ 



(16) 



(17) 



(18) 



D^_,Al,B. = d^L^L,R - igLj 



-;^WLM.ti,^L,R 



- ig'Bf^AL,R. 



(19) 



In L-R symmetric models every L field has an R counterpart. This allows the definition of the space inversion 
symmetry (Pa; = (i, ~x), £(/i) = 1 for fi = and — 1 for /i = 1, 2, 3); 



Bf{x) -> e{fi)B''{Px), 



and 



AL^nix) ^ Aii^LiPx), 
(j){x) ^ (t>\Px). 



(20) 

(21) 
(22) 

(23) 
(24) 



From now on, we will consider a model which is symmetric under the above parity transformation (Eq.(|2C| - p4|)). 
The parts of the Lagrangian density which we have already discussed ( Eqs. (||), (p^, (|lj), (|l^)) have the P symmetry 
if gL^gR = g, hi^g = hj^, hi,q = h\^g- 

2.1.3 The Higgs potential. 



In order to break the left-right symmetry to the final C/(l)em the Higgs potential is introduced. The most general 
potential for one bidoublet (f) ( [12| ) and two triplets Al^r ( [iq) which have the left-right symmetry (Eq.(^ - gj)) was 
introduced in Isill 



!/((/., Ai, Ar) ^ -fij {Tr [cj^U]) - M2 (^r [^0^] + Tr [4>U]) - fij [Pr [a^A^ 
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A, Tr 
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Tr 
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- Tr [A^Afl] Tr 
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A[At 



- P3 ( Tr 

rr[AflAflj' 
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Tr 
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Tr 
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(25) 



From the parity transformation (Eq.(Eq- pj) it follows also that all terms in the potential are self-conjugate except 
the a2 terms. This means that all parameters /ii, Xi, pi and (3i are real. Only a2 can be complex. To avoid the 
explicit CP symmetry breaking in the Higgs sector also a2 is taken to be real ( ref. |5l)). The neutral Higgs fields ^j'l 
02 J ^L ^^"i ^R acquire VEV for which the potential Eq.(|2^) has minimum 



< >: 



K1/V2 

K2/V2 



< Al,r >-- 





vl,r/V2 



(26) 



The VEV's for <f>1 2^ ^lr '^^^ ^le complex, but the freedom of gauge symmetry transformation gives a chance to 
make two of them reaL UsuaUy vr and ki are taken to be real and v^ and K2 remain complex 



VL = \VL\e 



JBl 



K2 = |K2|e 



„i'S>2 



There are six minimization conditions 

dV dV 



dV 



dV 



dV 



dV 



= 



(27) 



(28) 



dvji dm d\vL\ OQl d\K2\ 8^2 
which connect the VEV's with the Higgs potential parameters. From equation (|28| ) it follows that in order to avoid 
fine-tuning and to satisfy the phenomenological requirements, the 02 phase, \vl\ and j3i parameters in the potential 
must vanish ISlfl 
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WL = /?! = /32 = Pj, 



0. 



(29) 



In what follows we consider the Higgs potential in the form given by Eq.(|25|) with /3i = /32 = /33 = without explicit 
CP symmetry breaking {0,2 — 02) where spontaneous CP symmetry breaking also does not appear (O2 = \vl\ — 0). 
After SSB when </) acquires VEV (Eq.(p6|)), the full gauge symmetry Eq.(|^) is broken to U{\)q ® U{1)b-l- The one 
U{1)b-l group follows from the B — L — attribution for 4>, {{B — L) < 4> >— 0). The other U{1)q follows from the 
remaining gauge symmetry given by the charge operator Q 

'I 



< >= 



:T-3,<0> 



0. 



Next from SSB for right-handed triplet it follows that 



U{1)q®U{1) 



Ar 



B-L 



-^^"^ t/(l)g, 



which is possible to see from 



(B-L) < Ar >= 2 < A;j >^ 0, 



and 



Q{<Ar>) = 



1 



'-T3, <Ar> 



B-L 



<Ar >=0. 



(30) 



(31) 



(32) 



(33) 



It is worth to stress that the SSB for bidoublet cj) and right - handed triplet A^ is sufficient to get the correct final 
gauge group U{1)q = U{l)em- The left - handed triplet A^ does not have to be spontaneously broken {vl = 0). 

2.2 LAGRANGIAN IN THE PHYSICAL BASIS. 



In the previous section we have introduced the full Lagrangian with scalar, fermion and gauge fields. Now we will 
find transformations of these fields to physical basis. 



2.2.1 The physical fields. 

We consider the diagonalization of the mass matrices separately for gauge bosons, for fermions and for Higgs 
particles. The CP symmetry can be broken only in the fermion sector. Some comments about it are also given. 

2.2.1.1 Gauge bosons. 

After SSB (Eq.(p6|)) charged and neutral gauge bosons mass matrices M^ and Mg are obtained from L'l^f 
(Eq.®). In the W^% = ^{Wl% T ^Wl'^^) and [Wl^^, W^^^, B^) basis we have 



W7.. \ , I 



w^n. 



Lm = «^ W+^) M^ ^/_^ + h.c. + - {W,^^, W.^j,, Bn Ml W^R, , (34) 



Wn,J ■- 2 , ^ 



M 



--2 _ 9^ f i^'i -2kiK2 



^--^(-2;%. 4; 2^1'' ^''^ 



and 



1 / 2 '*+ 2 '*+ ^ 



^^0 = 2 -t4 ^(4+4t'|) -255H ' (^^) 



2 2 '^+ 2 



-2gg'vl 2g'^vj 



where k+ = ^/k\~\-k^. 

The symmetric mass matrices are diagonalized by the orthogonal transformations 



and 







CwC CwS Sw \ / ^1 

-swsmc - Cms -swsms + cmc cwSm ^2 

-swcmc + SMS -swCms - SMC cwCm I \ A 



Xl X2 X3 \ / Zi 

yi y2 ys \ \ Z2 \ , (38) 

Vl V2 V3 I \ A 



where 



sinQw \/cos20v 



cw = cosOvF, Sw = sinGvy, 



Vcos2ew ^ „ . , 

Cm — 7: , sm —tgKiyw, s = sm0, c = cos( 

cosBw 
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From the relations above it is easy to see that x^ and j/3 in the matrix Eq.jSq) are equal, i.e. 2:3 = 2/3. 
Masses of the physical gauge bosons are the following 

^2 



Mk, 



4 



«:+ +^'1, T \Iv\ + ^k{k 



2^2 
2 



Ml,^. = \ { [5'4 + 2«l (5' + 5")] T V^b^^ + 24 (.9' + 5")] ' - 4g2 (g2 + 25'2) ^^j 



The mixing angles are given by 

tan 2^ 



2K1K2 . „, 
2 — ' sin2(j) 



g k\^/cos2Qw 
'2cos2ew(M|^-M|J 



Experimental data gives bounds on the additional gauge boson masses Mw2 1 Mz2 and the p - 



M, 



Wl 



M| cos2 Gw 
^1 



(39) 
(40) 

(41) 
param- 



eter which are satisfied only if f j,; >> k+. In this approximation there is (to the first order in -^ and ^ '" ^ ) 



M^^ ^ ^/.i (1 



(-1-2) , ^ ^^. 



M 



5^4 



^1 4 cos2 e 



IV 



W2 



cos^ 29V1/K+ 



vwt;jj 



2 2 

5 «fl 



Af^ 



w^gi^ cos^ 9 



w 



o 4/^ 2 /' ^'-'Z2- ;;7^ ' Sin20: 

2cos^Bwt;| ' ^ -^^nt^ 



cos 26 



w 



K^ (cos 2614/)=^ 

2u^ cos"' <dw 



(42) 



2.2.1.2 Fermions. 



a. Quarks. The most general Yukawa interaction for quarks is given by Eq.(|3). After SSB the mass Lagrangian 



IS 



where 



Llass = -U'lMuU'h - D'LMdD'j, + h.c. , 



u = —1= (hqKl + hqK2\ , Af d = — [llqKl + hqK2\ 



Mu = 



(43) 



(44) 



and t/^ jj, D^ ^j are three dimensional vectors built of the weak quark fields (e.g. C7{^ = (w'^c'^i^)). 
In the considered model ki and K2 are real, thus from relation Eq.(H) follows that quark mass matrices are 
hermitian 

Mu = Ml Md = Ml (45) 

These matrices are diagonalized by a biunitary transformation 

Ulm^VIj,Ul.r, Dl^ = Vlj,DL.ji, (46) 

and 
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A"t 



V^^MuV^ = diag{mu, rric, mt), 



(47) 



V^'^MdV^ = diag{md, m^, rric)- 
If all diagonal mass matrix elements are positive after the unitary transformation 

Vl^V^, for i^u,d, (48) 

the Manifest Left- Right Symmetric model (MLRS) is realized pW. If after the unitary transformation some masses 



are negative, then to make them positive we must modify Eq.(48), namely 

T/W =F«P^W for i^u,d, 



where 



W(^)=d,ag{e^,e^,e^^) 



and £ 



(■0 



-1 if TOfc > and e 



(0 



(49) 



-1 for nik < 0. We refer to the relation 



Eq.(|9l) as Quasi Manifest L-R Symmetry (QMLRS) [|l). 

b. Leptons. The Yukawa interaction for leptons is more complicated. Leptons have both Dirac and Majorana 
Yukawa couplings. The most general Lagrangian invariant under the gauge transformation (Eqs.(@).(n3[),(0)) and 



the discrete L-R symmetry operation (Eq.(^- ^4|)) is |51 



T- lepton j 7- 

^Yukawa ^ ^ 1 ^^ 



hi<j) + hi(j) 



Lr + h.c.\ - L^^T^LkMLL - LIJ^rHmLr + h.c. , 



where 



^L,R = iT2^L,R = 



-S+V2 -<5++ , 



(50) 



(51) 



and the 3x3 complex matrix Hm is symmetric {Hm = h\^). After SSB, the neutrino and charged lepton mass 



Lagrangians are obtained 



L'-^ass = -\ in'EM^R + n'^Mtn'^) , u'r ^ ( ^| 



.' - ""i 



j,/c ; , '^L,R 



^Cv 



IT 
R.,Lj 



L[ 



' = -i'^Mil'^ ~ fj^Mlll 



where v'j^ r {I'j^ r) are three dimensional vectors constructed from neutrino (charged lepton) fields and 



M„ 



' ^{- ) = M- Mr, . 1 



Ml Mr 



V2 



hlKl -f hlK2 = M 



i/ft 



'D' 



Mr = V2hMVR = M^, Ml = — (^hiH2 + hin?j = M} . 
To find the neutrino and charged lepton mass eigenstates a unitary transformation must be performed 

n'R = VNR, n'L = V*NL, 1'l,r ^ VIrIl,r, 
where V {¥[ r) is unitary 6 x 6 (3 x 3) matrix. After the transformation one gets 



(52) 
(53) 

(54) 
(55) 

(56) 
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V^M^V = (Af,),,^^ , VlUliV}, = {MiUag, (57) 

where {My)^^ and {Mi)diag are diagonal, positive mass matrices. Similarly like in the quark sector, if V^ = Vl 
and all diagonal masses {Mi)diag are positive, then Manifest L-R Symmetric model is realized. If the normal unitary 
transformation with V^ = V^ in Eq.(|57|) does not give positive {Mi)diag, then the modification is necessary V^ = VJW^ 
and QMLRS model is in the game. 

In the physical bases, Lagrangian (Eq.^, ^3|) is given by 

Lt"::: =-\n {M,)d^ag N - miUagl. (58) 

where 

N = Nr + Nl = N\ 1 = Il + Ib.- (59) 

c. CP symmetry. In the model which we consider (MLRS or QMLRS) any CP violating phase can appear only 
in the quark and lepton mass matrices. The CP symmetry violation or conservation depends on the specific form of 
the Mu and Md for quarks or Mi and M^, for leptons. If they are real the CP symmetry is conserved, but even if they 
are complex the CP symmetry can still be satisfied. This is so because we can perform a unitary transformation on 
the fermion fields without changing the physical observables but redefine the mass matrices. If there exist quark and 
lepton bases in which the mass matrices are real the CP is conserved. And opposite, if in any weak base the mass 
matrices are complex the CP symmetry is violated. In the quark sector this condition is equivalent to existence of a 
unitary and symmetric matrix Vq such that 

V^qMuVq = M:, V^qMdVq^M*d. (60) 

This condition means that in the weak base where one of the mass matrices (e.q. Md ) is diagonal the other has 
phase structure (for details see e.g. J32]) 



(M„)y = |(M„)y|exp 



5 1 - Sj 



(61) 



For n generation in the hermitian matrix Mu only "^"^""^^ — n + 1 = " ~3k+2 pj^^ggg ^jg not satisfy the condition 
( ^ ) . This means that in the MLRS or QMLRS model in the quark sector for three generation only one phase breaks 
CP symmetry, (for two generation CP is conserved). 
In the lepton sector the CP symmetry is satisfied if there is a unitary symmetric matrix Vi such that 

ViU'Wi = Ml, Vi^MdVi = M^, (62) 

and 

Vi^MrVi = M*R. (63) 
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Then from Eqs. (|62|) and (|6^) it follows that in the base where Mi is diagonal the Mb and Mr matrices have the 
phase structure ( see Ref. |3|] ) 



{MD)ij = |(M£))y|exp 



Xt - Xj 



iMR)ij = |(Affl)y|exp 



,• fXi+Xj 



(64) 



This means that all phases in the hermitian matrix Md and symmetric matrix Mn, which do not satisfy the condition 
( 64 ) break the CP symmetry. There are "^"~ ' + 2ili — I — n = n{n — 1) such phases. For n = 3 generation there 



2 ' 2 

are 6 phases which cause the CP symmetry violation. 



2.2.1.3 Higgs particles. 

The Higgs sector is described by 20 degrees of freedom (8 real fields for bidoublet and 6x2 degrees of freedom 
for two triplets). After spontaneous symmetry breaking in the Higgs potential bilinear terms appear which form the 
mass matrices for Higgs particles. The precise form of these matrices are given in Ref. |pl|, [p3[. To get the physical 
Higgs particles, the mass matrices have to be diagonalized. The initial 20 degrees of freedom give two charged Gj^ ^ 
and two neutral G? 2 Goldstone bosons and 14 physical particles. These physical degrees of freedom produce: 

(i) four neutral scalars with J^^ = 0++ (ff," i = Q,l, 2, 3) , 
(ii) two neutral pseudoscalars with J^'-' = 0^ (A" i = 1,2) , 
(iii) two singly charged bosons (i^^ i = 1, 2) , and 
(iv) two doubly charged Higgs particles ((5^ , (5^ ) . 

(i) Four neutral scalars. The masses of Hq, Hi and iJ^ fields are obtained from the mass matrix which in the 
basis 



,r+',s][)^ 



/2 /2 

—Re (kkPI + K20^*) , —Re (Ki(t)°2* - i^i'^i) , V2Red°ji 



(65) 



has the following elements I e — ^^ 

Mil = 24 [Ai + e^ (2A2 + A3) + 2A4e] , 
M12 = M21 = 24 Vl-£M2A2 + A3 + A4) 



A/13 = ^^31 = 2'*+"« 



2a 



1 + 2a2e + as fl - \/l-eA 



M22 = 2 (2A2 + A3) 4 (1 - e' 



2"^^«7r 



3' 



M23 = M32 = -K.+ VR 

M23 = 2pivl. 



4a2VT 



asS 
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This mass matrix is diagonalized by the orthogonal transformation 



flo ai a2 
= \ bo bi 62 

'R / \ Co Cl C2 




(66) 



(67) 



We will not present the precise results. However, if u/j >> k+, we can find approximately that Hq ~ (p'^, H^ 



and H2 — 5°T} with the masses 



M^o ~ 2k\ [Ai + e^ (2Ai + A3) + 2X^6] 



(68) 



M^o 



1 2 1 
— a^Wn — , 

2 «vrr72' 



M 



HS 



2piw 



R- 



The fourth Higgs particle H^ is the real part of the (5^^ field 

i/° - V2i?e((5^), 
and has the mass 



(69) 



(70) 



(ii) Two neutral pseudoscalars. Without any approximation the masses of two pseudoscalars A\ and A2 are 
given by 

1 



^1? = o^swl 



VT^P 



- 2< (2A2 - A3) ., 



(71) 



^lo = -vl (p3 - 2pi) 



(iii) Two singly charged Higgs particles. The masses of the Hf^ {i = 1,2) are obtained by diagonalization 
of a 2 X 2 mass matrix. The result is 



Ml± = t;vI, (pa - 2pi) + -aa^^l-e^ 



2 



(72) 



1 



^4v^ 



(iv) Two doubly charged Higgs particles. They are simply components of Higgs triplets and 

1 



M,\± 



v\ (p3 - 2pi) + q;3K+Vi - e^ 



(73) 



M2±± = 2p2vl + -aa^Vl-e^- 
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The relations among non physical Higgs particles and the physical ones and Goldstone bosons are given by 



(k_ = v/k? - i4y. 



V2k^ 



V2kh 



Hq (kiOo - K2&0) + H" (kiOi - K2&1) + H2 (Kia2 - K2&2) + «kiG" - ^2^? 
Hq (K2ao + K160) + H" {K2ai + Kibi) + i/" ('«2a2 + K162) - iK2G^ - iniA" 



6l = ^{H| + ^A^,), 



Sr = -7^ [coHS + ciH^ + C2H^ + iG. 



0' 
2) > 



Kl 



K+\l 



) ^ 



Kl 



y2K+t>H 



K I Wl 



=G 



y2K 



+ t'i?. 



^-2 



G^ = ai2-f^2 + (^irGji + fliiG^ , 



i^ 



K2 



Ki Wl 



f^2+- 



K2 



y2K+t)H 



=G 



n = Hr, 



1 



=G^ 



K+Wl 



1 



y2K 



+ fi?. 



— G+ = a22H2^ + a2flG+ + a2LG+, 



1 



1 



V^K^Vg 



ii?2 = ajijiCj^ + aji2H2 



(74) 



The doubly charged Higgs bosons (5^^ are already physical. Combinations of the Goldstone bosons GJ j^ and 
G" 2 are absorbed by W^ ^ and Z1.2 respectively. Through this mechanism gauge bosons become massive. In the 
approximation u^j >> «;+ the relations between physical and unphysical Higgs particles become much simpler. They 
are: 



1 



1 



«+ 



a/2 






6l = ^^{H^,+^Gl) 



^t 



K+ 
K2 



■^^2 - Z~Gl^ 






(75) 

(76) 

(77) 

(78) 

(79) 
(80) 
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2.2.2 Interactions among physical fields. 
2.2.2.1 Gauge boson - fermion interactions. 

The charged and neutral current interactions for fermions are obtained from Eq. (|9|) . For quarks the charged current 
interaction is equal 

L<'Sl = -| (Ur {Pl cosCC/f ^^^ - P«sinCC/f ^^0 DW+^ + U^ {Pl sin^C/f^^^ + P^cos^C/^^^O DW,+,) + h-c , 

(81) 



where U — Ul + Ur, D = Dl + Dj^ are the quark eigenmass states (Eq.(46)) and the Cabibbo - Kobayashi - 
Maskawa (CKM) matrices are given by 

jjCKM ^yu^yd^ UCKM^yufyd^ (82) 

From Eq.(p8|) it follows that in the MLRS the CKM mixing matrices for left - and right - handed quarks are equal 

^CKM ^ ^CKM^ (83) 

and in agreement with Eq.(^), for QMLRS model 

(C/]?^^0„=±(^f^*0„- (84) 



The neutral current interaction for quarks is given by 



L'^NC= ^-r, ,,,o E Y.^^^' ^'lPl + KPr i^.Zj. + e Y. ft^^7^V'.^M- (85) 

z sm <av/ cos 'aw — f ■'^^^ '- -' — ; 

i^up, aou;n,j — 1,2 z— up, down 



The left and right handed couplings A£ ^* (i = up or down) arc the following 



where 



Al'^coscj^gl + sinq^gi (86) 

A]l^cos(bg}i + sm(bg'^, (87) 

^i^ = sine/. 5l- cos (/.g^, (88) 

^^* = sin(/)5i^-cos0.g^, (89) 

gl = 2T,'<-2Q,sm^Q, (90) 

oi-^^iQ^-Ti), (91) 
VcoszB 

g], = -2Q,sm^e, (92) 

g^ = ^=L=(Q,sin2e-r3^cos2e). (93) 

VcoszB 
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For leptons the charged current interaction is given by 

Lg^P = ^ (iV7^ {Pl cos ^Kl - Pr sin ^Kr) IW+^ + Nj'^ (Pl sin ^Kl + Pr cos ^Kr) IW+^) + h.c. , (94) 

where Ki^ {Kr) are 6x3 mixing matrices 

Kl = VI^vI KR = v;iWli. (95) 

The matrices V[ ^ are given by Eq.(|56|) and Eq.([57|), the 6x3 matrices V^ \f are defined by the V matrix 
(Eq.(|6|), Eq.(|5^)) in the way 

The charged leptons and neutrino neutral current interactions are 

z sm fvF cos ovK 
where 

charged leptons neutrinos 

and 

charged leptons 

The 6x6 mixing matrices r^L.i? cire defined in the way 

nL^v^Wi = nl f]^ = F^Vj,- - 4. (100) 

The couplings A£ r {i — v or 1) are given by the same formula as for quarks (Eqs.(pq-p3)) where we have only put: 
Qi, = 0, T3J = +2 for neutrinos and Qi = —1, Tr^f = —-^ for charged leptons. 

The mixing matrices satisfy a few constrains which are useful in future applications. From the relation VV' = /exe 
it follows that 

^r^L^ = ^fl^fl^=^3x3, V^Vi^^ = 0. (101) 

Then, from the definition of Kl.r matrices we have 

KlKL = Kl^KR = h;,3, KIKr = kIKl = 0, (102) 

and 

KLKl = nL, KRKl = nR. (103) 
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From the relations Eq.(lOl) and (102) there is also 

K^nL = kIQr = fiL^l = 0, (104) 

and 

nLKL = KL, nRKR = KR. (105) 

From the relation V^V = lex 6 we have 

ni + riR^h^e- (106) 

The relation V'^M^V = iM^)diag gives 

V^^MdVJ^^ + (v^HIdV^) ^ + V^MrV;^ = (M.),„g ■ (107) 

But from M^ = V* (M,,)^.^^ V'^ it follows 

Vl iM.)^,,^ ^r = 0, (108) 

yLiM,)d^asVR-Mn, (109) 

Vj^{M,)a,,,Vi^^^M*R. (110) 

From Eq.( |l08D three other relations follow 

^L {M,)a^ag ^l - ^L {M,)a^ag ^l = kI (M,),^^^ Kl - (111) 

All the above relations are useful when studying leptons - Higgs particles couplings, and give the possibility to 
express unphysical couplings by masses {Mu)^^^ and elements of mixing matrices K^^r, ^l.r- 

2.2.2.2 Three and four gauge particles interactions. 

The structure of three and four gauge couplings is very similar to the analogous couplings in the SM. There are only 
different factors. To get the coupling for physical gauge particles we use the Lagrangian Eq.(|l^) where we introduce 
the physical fields W^ , Zi (i — 1,2) and A (Eqs.(|37|),(p8|)). For three gauge boson interactions we obtained: 



Ll = {~ig (d^g.s - dfg,, - dlg^s + dh.-^ + dl3^8 - d^g^s) [{vi sin^ ^ + Xi cos^ ^) {wr{x)W+^{y)Z({z)) 
+ (2/2 sin^ e + X2 cos^ C) {wr{x)W+''{y)Zl{z)) + xs {wr{x)W+^iy)A'{z)) 
+ (yi cos2 e + XI sin^ C) {Wi''{x)W+'' {y)Zf{z)) + {y^ cos^ ( + x^ sin^ () {W^''{x)W+^ {y)Zi{z)) 
+ X3 {W^^{x)W+\y)A\z)) + ((xi - yi) cos^sin^ {wr{x)W+\y)Zi{z) + W^'^{x)Wt\y)Zi{z)) 
+ ((X2 - y2) cosf sinO {W{''{x)W+'^{y)Zi{z) + W^ {x)W+\y)Zi{z))] } U.,=, . (112) 
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The four gauge bosons interactions can be given in the comprehensive form: 
L^ = - 52 (2g^,g^s - g^^^OuS - 9^.69.,) l^M sin^ ^ + xf cos^ ^) {]¥,-'']¥+" Zj Zf) 



+ {yl sin^ i + xl cos2 () {W^^W+'' Z]Zl) + xj (W^'^W+'^A^A^) + {yj cos^ ^ + xj sin^ e) {W^''W+''Z:^Zf 
+ {yl cos^ e + xl sin^ i) {w:^^wr Z^Z^) + xl {W^^W}'^ A-^ A') 
+ {{xl - yl) cos C sine) {W^^W^"" ZjZ^ + W^'^W+^'Z^Zf) 

+ {{4 - vl) cose sine) {wrw+''z:izi + w^^w+'' z:izi)] 

+ {yiy2 sin^ ^ + X1X2 cos^ e) (T4^r''W^i+'^7^2) 

+ (^22/3 sin^ e + X2X^ cos2 e) (T4^r''W^i+''^2 ^') 

+ (^12/3 cos^ e + X1X3 sin2 e) (M/2"^M/2+''Z7A*) 

+ ((a;ia;2 - yiy2) cos e sin e) (W^r^Ty2+''Z7Z2^ + W^^W+^'ZjZ^) 

+ ((a^ia^s - yiys) cose sine) {W^^'W+'' ZJA' + Ty2-^Ty+''Z7A^) 

+ ((X2X3 - y2y3) cose sine) (T^r^W^2+''^2^' + W^''W+''z:iA') 



y,y3 sin2 e + x.x^ cos^ e) (T4^r^W^i+'^^7^') 

ym cos^ e + X1X2 sin^ e) {w^'^w+'z^zl) 

y2y3 cos2 e + a;2a;3 sin^ e) {W^'^W^" Z^A') 



- (sin^ e + cos^ e) {W^^'W^''W+^W+^ 



W2^w^''wpw+^) 



+ {- sin^ e cos e + cos^ e sin e) {W^''W{^''W^''W+^ + W^''W^''W^^W+^ 
+ {- cos^ e sm e + sin^ e cos e) (M^2~''W^2~''^2'*"^^i^* + Wi^Wr'"W^^W+^ 



^-t^u/-'^u/+'ru/+S 



A'U/-''TI/+TT/t/+<5^ 



sin^ e cos^ e {W^'^W^'^W^^Wj^" + W^^'W^'^WPW^ 



-A'ti/-i'ti/+Tm/+i5 



2 sin^ e cos^ e W:[^W^''WPW^ 



(113) 



2.2.2.3 Fermion - scalar boson interactions. 



The fermion - Higgs particles interactions are given by Lagrangian Eq.(14) for quarks and Eq.(pOD for leptons. We 
have to express the weak fields by the physical ones and the Yukawa couplings by fermion masses and CKM mixing 
matrices elements. For quark - Higgs particles couplings we have 



2Z ^*^ y{^q)ij'f' + {K)i]4'j Q]R. + h.C. - Ll^ass + Lquark-Hzggs 



where L'^^^^ is given by Eq.(E^, and 



jCKM'f 






D 



Pl 



Y'^diagBa 



u 



CKM^^ju TjCKM 



U 



R 



Mla.U, 



g^L 



'A' 



+ Pr {MLgBl + Vl'^'^'Ml^^Vl^'^M 



D 



(114) 
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D 



CKM] „- 






[/. 



(115) 



The Aq, Bqi ^^ and B^ are combinations of physical Higgs fields and Goldstone bosons: 



Ao = ^ («:i0° - /.s'/'?*) = ^ (ffo"&o + i?^i + H% - a?) 






\f2 

K 



^r) 



1 



K?_K+ 



A^ 



B± = 



a/2 



i/^ (aoK^ - 2kiK2&o) + ^? {aifii - 2K1K261) + iJa (a2'«- - 2K1K262) + Jk^G? - i2niK2A'( 

2kI ' 



(kI^J*" + K202 ) = 



44z;| 



V2 



lK2<Pi +Kl92 






i/," 



Ki + 2K2_t;2. 



^R' 



Kl,^l2n'iv\ + K^_ 



Ht- 



2V2ki 



K2 



2„,2 , ,.4 ^ K+ -^ 



k+w2k^uJj, + K 



For lepton - Higgs particle couplings there is 



L, 



hi4) + hi(f) 



Lr + h.c. > — L'^^Y^lKmLl — LI'EjihMLR = L"^ 



-^mass "1" ^lepton— Higgs: 



(116) 



(117) 



where Lj;,,,,. (L5„„^J are given by Eq.(|5|), (Eq.(pl)) and 



Llepton-Higgs ^ - v'^ [hl<j)i + ^(02* ) '^R ~ '^L {hl(f>t ~ hl(j)^) I'j^ - I'l^ [hiCJ)^ - hi<j)^ ) 1^'jf - l'^ (hicj)'^ + hicjp^*] I 



iO*\ ;' 



- S^l^mi^'r + ^ (i^L /^M^i, + i'EhMiy'R) + St+i'EhMl'n + h.c. . 

Now in each term we can introduce the physical fields and the physical parameters. 
For two Majorana neutrinos - neutral Higgs particle interaction we have: 



(118) 



-y^ (hi^l + hi<jyT) v'^ + h.c 



ENa 



i^L)aa m^Bo + Y. {Kl),i {KD^, miAl 



Pn 



C (f^L),, B; + Y, {KD^^ {Ki,)^^ miA, 



PL)Na 



E^« 



a>b, c 



{{n^)^^ mf (f7fl)^, + {n^),, mf {nn)J Bo+Y^i {{Kl),, (K*^),, + (Kl)^ iK*j,)JA* 



Pr 



((f70„,mf (nn),, + (f^L),,mf {nn)J B* + ^m, {{Kl\, (Kn),, + {KD^, {Ki^),,)Ao 



Pl } Nb, (119) 
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5>'£hMv'R + h.c. = 2^ E ^« I E "^^ [("«)- Pr^R + (^«)L Pl&R 



Na 



^ a>b \ c 



m, 



and 



S^j^'^hM^L + h.c. 



J2Na\Xaa6lPL+X:jl*Pn 






V2vR 
where the 6x6 matrix X is given by 

X = {KlW'Kl) [M,),^^^ {KnW'K+) = X^ . 

Majorana neutrinos interact with charged leptons and charged Higgs particles in the way 

i^L { hifpi - hi(f)2 ) I'r + I'l i hi(j>2 - hi(j)^ ) v'j^ + h.c. = 



XabSlPL + X:,Sl Pr Nh, (121) 



a.l 



E ^a E ("^)a6 < (Kr)m ^+ - (^L)a/ ^iB' 



Em E K) ,, ^b i^L),, A- mi (kI) ^^ B 



Pj, 



Pl + 



<iKL)aiB+-{Kji)^,miA^ 



PlUi 



n), <B--mi(KU A- 

la \ / la 



Pr } Na, 



(120) 



(122) 



^ {i^LhMl'R + I'LhMv'R) + h.c. 



-Ek 

a,l y 



+ h 



Y.^^R)ab< {Kr\i PRhS+ 
PLNaS], \ , 



. b 



and 
V2 



I (4°/im/1 + i'^hMi^'i) + h.c. = ^ E {'^L [^« iXKL)ai PlIi] + 51 [k {K+X*)^^ PrN^] } 

a.l 



Finally, two charged leptons interact with neutral Higgs particles: 
I'l [hicj)^2 + hi<t>T) I'r + h.c. = 



Y.Lk^l 



SlkmiB* + E {KDal iKR)ak ^aAo 



Pr 



SikmiBo + J2{KL)akiKR)aim^A^ 



Pl } Ik, 



and doubly charged Higgs particles 



(123) 



(124) 



(125) 



(126) 
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SR^lLhMl'R + h.c. 



"■ l,k 



V2vR 



+ S} 



h{KiM.Ua,K*j,)^jLCl^]} 



(127) 



stn 



-'^HmI'l + h.c. = -^ Y. i^L+ [lie {KlXKl)^^ Pdi] + 5r [h {kIx*KI)^^ PrCT(] } 



(128) 



2.2.2.4 Gauge bosons - Higgs particles interactions. 



The interactions among gauge bosons W^ , Zi, A (i = 1,2) and Higgs particles H'^ , 
{i = 0, 1, 2, 3) A", A^, (i — 1, 2), Sf"^ together with Goldstone bosons are given by the Lagrangian L'^lggs (Eq.(|l8| 
After SSB (Eq.(|§)) we obtain 



L 



kin 
Higgs 



= i 



(2) 



gauge 
Higgs ~^ ^ Higgs' 



L 



-(2) 



The Lagrangian L}j[ contains four components: 



(129) 



T\^} Thin j^ Thin _, t ^ t 

Higgs — H ' ^GB ' ^bilinear l J-' M . 



(130) 



The L^" term is the kinetic energy for Higgs particles 



m- = \ E (a-^°) {d,Hf) + i ^ (d'^A^) {d,A^ 



i=0 



4=0 



X: {d^H+) {d,Hr) + {d'^5t+) {d,Sr) + (9''<5++) [d^S],-) 



i=l 



and 



L'Sb = (5^G+) {d,Gl) + {d^G+) {d,G],) + ^ (9'^G?) (a^G?) + ^ [d^G^) (9^G°) 



(131) 



(132) 



is the kinetic energy for Goldstone bosons. Lm is the mass Lagrangian of the Gauge bosons (Eq.(p4)). Luunear 
contains bilinear terms between Gauge and Higgs particles and is given by 

LuUnear = ^ [md^^ (0? - 0?*) - Ka^^ {4>l " 02*)] [WzL^. ~ 1^37?^] 



+ f { [«^i (^"'^2") - «2 (a'^^/T)] w+^ + [n2 (a^0+) - n, (a''<^+)] w^,] 



The gauge fixing Lagrangian (see next Chapter) will be chosen to cancel the Luunear 
calculation of Higgs particle propagators. 



(133) 
which complicates the 
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The remaining part if^j"qs describes the interactions among gauge bosons and Higgs particles. The number of 
coupHngs is large. There are 324 couplings among four bosons. We do not give all the couplings here explicitly. 
Here we describe the procedure by which all couplings can be obtained. We divide the if^j"^^ terms into triple and 
quadruple couplings 

L'mg%=L''"'^+L'''^'^- (134) 

III A. Three bosons coupling with one Higgs particle. There are 21 different couplings between two gauge 
and one charged Higgs (Goldstone) particles which are obtained from the Lagrangian 

„2 






g'B^ ~ \gW!^^ 



^'''''w+W^+6-^-+h.c.. (135) 



V2 ^^^ ^ 

There are 20 couplings with two gauge bosons and one neutral Higgs particle. They are obtained from the Lagrangian 

2 

^ [cj^ln, + 4>ln2] {W^L^ - W^R^) {W^^ - W^^) + ^5^ {gW^R^ - g'B^) {gW^^ - g' B^) + h.c. (136) 

and 



+ ^-^5%WlW^^ + h.c.. (137) 

It is worth to stress that the combinations Wa^^ — W^Rf^ and gW^R^j, — g'B^ do not contain the photon field. As it 
should be, the photon does not couple to chargeless particles. To understand the absence of other couplings it is worth 
to explore the charge conjugation symmetry C. The Gauge - Higgs particle part of the Lagrangian is C symmetric. We 
set the P and C eigenvalues J^'~^' = 1^^ to gauge bosons, and 0++ or 0^ to H^ and A'^ (G?) scalar Higgs particles 
(Goldstone bosons) respectively. Then it is easy to understand that the couplings of the type A'^ZkZj, G*^ZkZj and 
also GiWi[Wf7 are absent as they are not symmetric under C transformation. 

Ill B. Couplings of one gauge boson and two Higgs (Goldstone) bosons. There are 33 couplings of one 
gauge boson and two charged Higgs particles which are given by the Lagrangian 



2 [(9^0+) </-r - {d^'1^2) '/'J] iW3L, + WsR,) zg' [{d^5-^) 5+ + (d^Sl) S+] B^ 



fj- 



- * [{d'-Sj,-) 5++] {gWsR, + g'B^) - z [(a^<5^-) 5++] [gW^iL^. + g'B^) 

- ^9 [{d^6l) Sr- (d^S^-) 5+] W+^ ^g [{d^d+) S'- (d^S--) S+] W+^ + h.c. . (138) 

The other 38 couplings describe the interactions of one gauge boson with one charged and one neutral Higgs 
(Goldstone) particles. They follow from the Lagrangian 
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V2 



{(a^0r) ^1 - (9^</>2") <t>2* + (d'^T) ^2 (s^-^?) 0r - V2 [(a^j^) 5^ - (a^^) s^] w+^} + h.c. . (139) 



There are 20 couplings among one gauge boson and two neutral Higgs (Goldstone) particles, given by the Lagrangian 



^9 



[(a^0?) 0°* - (9^0°) ^^*] (W^3Lm - W:,R^) + z [(a^<5^*) <5^] (gl^sK^ - 5'^, 



+ i[{d'^5t)5l]{gW^L^.-9'B^) + h.c. 



(140) 



Here photon also does not couple to neutral particles. From C symmetry there are no couplings of the type H'j'H^Zk 
or GlAlZ,. 

IV. Couplings between two gauge bosons and two Higgs (Goldstone) particles. In this case we divide 
all four bosons couplings into three classes with two charged scalars, one charged and one neutral and two neutral 
Higgs (Goldstone) particles. All 117 couplings among two gauge bosons and two charged scalar particles are described 
by the Lagrangian 



•'2 V2 



+ [srs-^- 



+ [st^s. 



and 



{gWsR^ + g'B^) {gW^^ + g' B^^) + g^W^^W+^ 
{gW^L^. + g'B^) {gW^^ + g'B^ + g^W^^W^^^ 



g" {<^t^X\ w^,w^^ g K5-„-] i^g'B^ + gwi;^) w+^ 



2gHt5lWZ^W+^ 



(141) 



g[5+5r]{2g'B^ + gW^^)W, 



Lfj, 



h.c 



(142) 



The 132 couplings among two gauge bosons and two scalars, one neutral and one charged, are given by the 
Lagrangian 



g [5-^51] {2g'B^ - gW!^„) W+^ + g [5l5l] {2g' B^ - gWi^^) W+^ 
■ g' [5r-5V\ VK+-T4^^ - g' [51-51] W^^W^^ + h.c. . 



(143) 



Finally, there are 75 couplings among two gauge bosons and two neutral scalars. They are described by the 
Lagrangian 

^ [<^;</.?* + <^°</.r] {WsL, - W3R,) {W!^^ ~ 1^3^^) + [44*] {gW,R, g'B,) {gW^j, g'B^ 



- K6l*] {gW^L, g'B,) {gW,^^ g' B^) + g^ [4^] W+^W^^ 

- g' [441 1^4 w^r - g' mt] WE.w^' g' W4>'2\ wt,w^'. 



(144) 
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From the structure of this Lagrangian it is easy to see that the photon does not take part in this interaction. From 
charge conjugation invariancc it foUows that only couphngs among two gauge particles and two scalars with the same 
C parities appear. For this reason all couplings of the type HfA^ZkZi or Hf&W^Wj7 vanish. 

2.2.2.5 Interaction among scalar bosons. 

From the Higgs potential Eq.(p5|) we can find all couplings among Higgs and Goldstone bosons. The number of 
different couplings is very large. However, in the one loop approximation for processes with light external fermions 
and gauge bosons only, the knowledge of scalar particle interactions is useless. So we will not present them here. This 
means that we also do not renormalize the parameters in the Higgs potential. 

Ill Quantization of the left-right symmetric 
model. 

The canonical quantization of any gauge theory is not straightforward. For such theories the Lagrangian is singular 
and canonical conjugate momenta do not exist. Then, it is impossible to define the Hamiltonian of the system. 
The second problem is connected with the fact that gauge fields, described by four vectors, have only two degrees 
of freedom. Their fields must satisfy additional conditions which disagree with the commutation relations. Finally, 
gauge particle equations of motion are not reversible which causes problems with the definition of their propagators. 
All these problems have been solved many years ago, first for abelian gauge theories. In the fifties, the so called gauge 
fixing condition was introduced |6q| and later the auxiliary hermitian scalar fields B(x) were invented p7| ]. For non- 
abelian gauge theories the same procedure as for quantum electrodynamics can not be applied. Feynman has shown 
IpSj in 1963 that the physical S-matrix is not unitary. Contrary to the abelian case, contributions from the unphysical 
longitudinal and scalar modes of gauge bosons to intermediate states do not cancel out. Feynman [pSf and later De 
Witt [ p9| found that the violation of unitarity can be eliminated by introducing the missing contribution to loops 
from some massless scalar fermions. A clear-cut explanation why such fictitious particles have to appear was given 
by Faddeev and Popov |70|| from the viewpoint of path-integral formalism. Since then these fermions with strange 
statistics are called Faddeev-Popov ghosts. The very important point in proving the consistency of the theory (for 
quantization and also for renormalization) are relations among Green functions which follow from gauge invariance of 
the theory. Such relations are known as Ward-Takahashi |7^ for abelian theory and Slavnov- Taylor |^^ identities in 
non abelian case. Later it was shown ||7^ that the full Lagrangian of gauge theory, after adding the gauge fixing and 
Faddeev-Popov terms, still possesses some global symmetry. This symmetry is a remnant of local gauge invariance 
and is known as BRST symmetry ||73| . In the same time it was proved that all Slavnov- Taylor identities can be found 
from the BRST invariance of the full Lagrangian |74|] . There are two different popular approaches to constructing the 
quantum theory of gauge fields. The first, very fashionable approach bases on the path integral formalism. Almost 
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all textbooks on the non-abelian gauge theory are based on this approach ^^. The second one is well known from 
QED, the canonical quantization formalism. In the context of non-abelian gauge theories it was introduced by Kugo 
and Ojima ||7q| and is known as operator formalism |7^ . Here this approach is adopted. The left-right model is 
the gauge theory with spontaneous symmetry breaking. To define the gauge fixing Lagrangian we have to remember 
that as remnant of SSB some bilinear terms appear (Eq.( |l35| )). In the next Chapter the gauge fixing Lagrangian 
is introduced. The ghost particles, BRST transformations and the Faddeev - Popov Lagrangian of the theory are 
considered in Chapter 3.2. 

3.1 THE GAUGE FIXING LAGRANGIAN. 



It was mentioned in section 2.2.2.4 that bilinear terms with gauge and Higgs particles in LbUmear (Eq.(133)) 
complicate the Higgs particles propagators. They can be canceled by an appropriate choice of the gauge fixing 
Lagrangian [Lgf]- Using the equations { pf\ j and ( |38| ) for gauge bosons and Eq.(|7J) for Higgs and Goldstone particles 
the Lbiiinear Can be expressed in the form 

LbiUnear = ^i^i { "7:. 7^ — ( COS (/) -|- v^cos 28vK sin ) d^ G\ + cot 6^/ {"VRg sin (j))d^G 2 

y ZCOSWiy V / 

+ ^2m |- ^ ^""X fsin0- Vcos2ewcos(/)) ^^'Gl + cotQw [vrq' cos(j>) d^^Gl^ 
[_ 2cosc)vi/ ^ ^ J 

+ ^5Wi|(^cose+^sine)a-GZ 

K+ . K1K2 

COK^ I V Lt^ -|- I ■ COS 5 I V l_r^ > -f ll.C. . 

(145) 



+ ^9W^^{[^sini-^cosi]^^G 




Now we can introduce the gauge fixing Lagrangian 

Lgf^ -^\ d^W+^ + i^w,Mw,G+ P ~-^ I d^W+^ + i^w,Mw,G+ p 

t.Wi t,W2 

^ {d^Z,^-^z,Mz,Glf--^{d^Z2^.-^z.Mz,Glf~^{d^'A^)\ (146) 



24Zi 24Z2 Zt,A 



It is easy to check that the following terms which are present in Eq.(146) 



iMw, [{d>^Wt^) Gr] + iMw, [{d^W+^) G^] + h.c. 

Mz, [{d^Zi,,) G°] + Mz, [(9^^2,0 G^] (147) 



in Eq.(145) if the following Goldstone particles transformations are made 



G^ \ / cosTpc — sin-^c^ / /^± 
G2 / \ sin ipc cos tpc 
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(148) 



COS-0C = 

and analogously in the neutral sector 
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2Afw, K 



Wi' 



2Mwi K+ 



K^ + 2v\n\ sin^, 
(k^ cos ^ + 2ki ^2 sin ^) 



Gi 



COS l/'n sin V'n 

sin ^n — COS ^„ 



G? 



G°2 



(149) 



(150) 



COS'0ri 

sin ipn 



3'«^ 



2Af2j COS 9vi/ 
1 



cos (j) + ■\/cos20vi/ sin ( 



Mz, 



cot OvK'^flff'sinc 



(151) 



Adding Lgf (Eq.(S), Lfo^f^near (Eq.(|l4|)) and i^™ (Eq.(|l3])) one gets 

LgF + Lhiiinear + -^GB ~ 



Wi 4vK2 ^4^1 

2 



^ (a^'Zi^)" 



2^z. 



(a^^: 



2mJ 



+ (9^G+) (a^Gr) -^mM2,^G+Gr + (a^G2+) {d,G^) ^ ^w.M^^G-^ 

+ 1 (a^'G?) (a.G?) - l^z.Ml {Glf + 1 (a-G") (a,G°) 



(152) 



The gauge boson part from Eq. ( |l52[) together with Eq. (|l^) and Eq. (|3J) give the kinetic energy Lagrangian for the 
physical gauge bosons 



iFt.F-^" + Ml^WlW^^ - ^ I d^W+^ p 



- lF,,,Fr + \mI^Z^,Z!^ ^ {d^Z,,f 



From Eq.(153) the propagators for gauge bosons are obtained 



iA^''(p) 



p2 - M/ + ie 



-a^"" + (1 - ii) 



pt^p" 



P^ - i^Mf 



where 



M, 



A%,,, for Wf. 



,2 [ Cwi.2 /or W^i^2 

^-'^Zi 2 /or ^1,2 , ^' ^ 1 ^^1 2 /or ^1,2 
/or A I e^ /or A 



The second part of Eq. (|152| ) gives the Goldstone bosons propagators 



zA(p) = 



p2_e,M/ + ze' 



w/iere M^, {^i) = 



_ { Mz,,,, (^z,,,) for G?, 



^^Wi,2! (Cwi.2) for G^2 



(153) 



(154) 



(155) 



(156) 
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3.2 THE GHOST PARTICLES, BRST TRANSFORMATIONS AND FADDEEV - POPOV LAGRANGIAN. 

To avoid the violation of unitarity ghost particles must be introduced to the model. This is achieved by imposing 
infinitesimal gauge transformations for gauge and Higgs fields where instead of the gauge parameter we put the 
product A c. The A parameter is a Grassman number which commutes with all gauge bosons as well as with Higgs 
particles but anticommutes with the ghost fields "c" 

A2 = 0, {A,c} = 0. (157) 

The BRST transformations for gauge bosons are as follows: 
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5^^'^B, = \{d,c^). (158) 



From Eq.( |158D one obtains (we define I^rst = §__ — ^. 

IBRST^l^^ = d^cU + 9{wI'rcIr - Wl^^cl^), 

gBRST^^. ^ ^^^4. (159) 

The ghost particles c\ ^, cj^ ^, c^ ^j, c* anticommute with each other and commute with all remaining fields. 
According to Eqs.(0,0) there are the following BRST transformations for scalar fields: 

S^'"'^^^-^gRc'kc^^+^gLcl^<P a =1,2, 3, 
^^«^^Afl,L = ^4^^^(T,Afl,i + A«,iT,)+i5'c4Afl,L, a = 1,2, 3, (160) 



explicitly 






IBRSTj,- _ ^ 

' 2 



2 ---(V2c^0°+Cij02 -V2c^(/.°+ci02), 



SBRST^o ^ _|(V2c+02- - 4.0^ - V2cl<^t + 40^), 



5'''''^5r,l = +^95tLCR,L + ^a'c'Sl^L - wS^lcIl, (161) 



where 
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4,R = ^i^lRT^clR). (162) 



Let us now rewrite the gauge fixing Lagrangian form Eq.(146) using auxiliary fields "E" (from now we will not 



distinguish among ^Zi 2 : Cwi 2 ^-^^ Ca except a case of renormalization of two point functions for unphysical particles) : 

Lgf = E^ (a^W^+ + C+,) + E+ {d^W^^ + C-^) + ^E+E^ 
+ E^ {d^W+^ + C+e) + E+ {p^W^^ + C-j,) + iEtE:, 

where 



Ez, [d'^Z^^ + C^d]+ \E'z, + Ez, [d^Z2^. + C^-^ j + ^-Ei^ + ii;^ (3^^^) + ^E^, (163) 



C2B = iS,Mw2G2 , 

C|^ = -CMz,G°. (164) 

The Faddeev - Popov Lagrangian [Lpp) is constructed by requiring that the sum Lqp + Lpp is BRST invariant. 
So, first we have to find the BRST transformation for Lgp (for all auxiliary fields S^^^'^ E = is imposed, where 
E — i?i 2' Ezi 2 J Ea)- To do this one has to know: 



SBHST (5.^+ ^ ^+^) 


-^^ 


^i^i^ST (5.^^- + ^-^) 


^i?r, 


~s^"'^{d^w,l + c+^) 


^Dt, 


SBHST ^g,^-^ ^ c-^^ 


^D-, 


^^«^^(a^Zi^ + c|^) 


^Dz, 


^^«^^(a^Z2^ + G|^) 


^Dz, 


^BflST^M, 


= Da. 



(165) 



To calculate BRST transformations in Eq.(|165|) the 5^^^'^W^^^, <5^^^'^Zi,2p, 5^^'^'^ A^, S^^^^Gf^ and S^^^^G^^ 
are necessary. The BRST transformations for the physical gauge particles are obtained from Eq.( |l59| ) using Eqs.( p7|j3q ) 
for gauge bosons as well as for ghost particles, i.e.: 

:i)^("ff:S)(l)- "^'" 

' Xi X2 X3 

yi y2 2/3 I I C2 I . (167) 

Vi V2 V3 
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The explicit form of the BRST transformations for gauge particles is presented below: 



S^'^'^^W^^ = 9^4 ± te [M^± (ci h(s^, c^) + C2 h{-c^, s^)) + W^^ (ci f{s^,c^) + c^ g{s^, c^) + cq) 



+ ^^2^ (cr ^1(S0,C0)+C2" /l(c5,S^)) -W2f,{ci /ll(s0,C0)+C+ /l(c5,S5))] , 



+ ^^2^ (cr ^(-C0, S0) + c^ g{c^, s^)) - T4^2m (^i^ /^(-c,/,, s^) + 4 ^(ce, sj))] , 



(168) 



(169) 



(170) 



(171) 



- W2-4 



and 

with the following definitions of the f{s^,c^), fi{s^,c^), g{s^,c^), 52(^5,05), h{s^,c^), hi{s^,c^), h{-c^,c^) func- 



172) 



tions: 






y/cos2Ql, 
sine 



= COS ^ cot BvK COS — sm ^ tan Bvy cos — sm E, — — — 

smBvi/ cosBvK 

9^,„ , .9^, r^ I ■ 2 J- V cos 20^1/ . , 

— cos 4 cot idw cos (p + sm t, tan H^/ cos + sm ^ — — — sm (p, 

sinOvi^ COS0TV 

2^ ,^ • / •2/-. r^ •/.•2/- V cos 2014/ , 

= cos 4 cot Bvv sm — sm ^tanBvF smip + sm t, — — — cos0, 

sin Qw cos Qv/ 



= sin ^ cos ^ cot Qw cos ( 
:= sin S, cos ^ I cot 014/ cos ( 
— sin ^ cos ^ cot 014/ sin (j 



, ^ , , Vcos Qw 

- tan 0vi/ cos cp H — — — sm <; 

sin 014/ cos 014/ 

VCOS 044/ 

- tan 014/ cos — — — sm (, 

Sm0i4/ cos 044/ 
^- O • A VCOS 0w 

tan 044/ sm — — — cos 4 

sin 044/ cosQw 



(173) 
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The BRST transformations for Goldstone particles are obtained from Eq.( |l6l| ) 



iBRST/^O 



G\^ 



1 



K2 



\/2sin6vy 
1 

•\/2sin0vi/ 

1 



Ci /l(s0, C^) + C2 h{-C^, S^) j ((?!'2* + 0") 

(cos^ {ct(j)i + c^(t)t) + sin^ {ct(i>i + Ca"'/']^)) 
(- sin^ (q 0+ + c+(/)2") + cosC (c2"0+ + c+02")) 



(cos^(cj;0j +Cj^02") +sin^(c2"(/)J +cj<?;'2")) 
(- sin^ (q^j^ + c+0j;) + cos^ (c2"(/)+ + c+0;f )) 



■\/2sin0vi/ 
1 



v2sinOvK 



(174) 



and 



^BRSTqO 



y/2 [sin 9 



sin^ / +c- - f+\ cos^ . , „ - r+\ 



sinOi 



ci 



cote 



w 



\/cos2evF 



: sin( 



</> ('5^*+'5h)+C2 



cot 01 



\/cos2evF 



; COS( 



'^ ('5?J*+'5^) , 



-^brstqO ^ cos^J^^^^G? + sin7/;J^«^^G^, 



gBRST^o ^ sin^„J^«^^G° - cos^„J^«^^G° 



2j 



^brstq+ ^ ^g ncos^/ic aifl - sin^Jc oil) Vcos28h/ f-ci h{-c^,s^) + C2 h{s^,c^) + coj 0]'" 



sin^ c^ + cos^ c^) 0" 



-^ (cos^ c^ + sin^ cj) 02 p 

V 2 sin GvK V 2 sin 8 w j 

+ (cosV'c a2R - simpc a2L) \/cos29h' f -ci h{-c^,s^) + C2 h{s^,c^) + cqJ 0j 



V2sin6w' 
+ (cos V'c Oflii:' 



(cos^ c+ + sin^ c+) 0?* + - , (- sin^ c^^ + cos^ c+) </.^* 

V^smBvi^ 

sine ^+ , cosC +\ ( sing cos^ -Y.++ 



- tan Qw cos ( 



sinOvi/ ^ sin0n/ 
sin Qw 



"R 



: sin0 j ci(5^ 



cos 0w-\/cos 28 w 

'' ^ • , sinOvv ,\ f+ c+ 

— tan 8vF sm (p = cos C20 r + Codn 

V cos9iyvcos2evF / 



cBRST 



Gt ^ie 



I (sin ipc 



^/2sa\Qw 



aiR + costpc Oil) \/cos2Qw i-ci h{-c^,s^) + C2 h{s^,c^) + cqJ 0]^ 

sing c^ + cosg C2) 4>i 



(cosg c^ + sing cj) 02 — 



\/2sine 



w 



(175) 



(176) 



(177) 
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+ (sin-^c a2R + cos^c a2L) ^00820^ ( -ci h{-Cii,,Sii,) + C2 h{s^,c^) + CqJ 0- 



1 



(cos^ cl + sin^ c^) 05* H — p 

V 2 sin Ow " V 2 sin Qw 



(— sin^ o[ + cos^ 



.+^ w!,o* 



- tan 8vK cos (^ 

- tanOvF sin0 



sin ^ , cos S, 

cj + -. — - — c 



sinOvF sin 9^ 

sin Qw 



2 I ^B/ 



sin^ 
sin 9 



w 



cos^ 
sin 9 



w 



!C+ + 



cos 9i4'V'cos29iy 



sincj) ) ci^^ 



cos9v^A-\/cos29 



w 



coscf) I c25]'j; + co(5^ 



where 






2 sin ^ sin ^ 2 sin ^ sin ^ 

Introducing "bar" fields for each ghost particle with the BRST transformations: 



5BHST-± 


= ±*i?f , 


pRST-± 


= ±^Et, 


~^BRST-^ 


^lEz,, 


5^^^^C2 


= ■iEz2 , 



7 BRST- -77 

6 Co = Zi/A, 



we can construct the Faddeev - Popov Lagrangian in the form 

Lpp = icfD^ + ic^D^ + ic^D2 + ic2 D2 + iciDz^ + ic2Dz2 

If we define BRST transformations for ghost particles in the following way: 

:BRST 1 _ ^ 2 3 
f' ^L,R — ^^9(^l,rCl,r^ 

^BRST„2 _ \„„3 



'^L,R — ^^9C-L,R'^L. 



Ry 



s: BRST ^3 



R = -%4 



L,R^L.,Ry 



^BRST^i ^ 0^ 



then it is easy to check that 



gBRST 



[L 



GF + i^FP 



Lpp] ==0. 



icqDa- 



(178) 



(179) 



(180) 



(181) 



(182) 



(183) 



Since the rest of the Lagrangian is gauge invariant, it is also BRST invariant ( the BRST is infinitesimal gauge 
transformation). The kinetic energy Lagrangian for ghost particles is obtained after the BRST transformations for 



aU fields in Eq.(181) 
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(184) 



According to Eq.(184) the masses of ghost particles are as foUows: 



{M.f=aM^^)\ 



(Me,j2 ^ ^^Mz,,,f 



Mco = 0, 



(185) 



and the propagators are (it is worth to stress that a -1 factor appears in the numerator) 



iA,{p) = 



p2 - ^Mf + is 



Mwi for cf, 

Mw2 for C2 , 

— , where Mi = ^ Mz-^ for ci, 

Mz2 for C2, 

for cq. 



tGB-GH 



For further use we write down the ghost particles - gauge bosons interactions obtained from Eq.( 181 ) 

gUxi (9^ci) + X2 {^^^C2) + ^3 (9'^co)) 
X [cos^ ^ W^^ c+ + cos C sin ^ W^i" c+ + cos C sin ^ W^^ c+ + sin^ ^ W^^ c+] 
+ {yi{d^ci) + y2{d^C2) + y3{d^co)) 

X [sin^ ^ ly- c+ - cos ^ sin ^ W^^- c+ - cos ^ sin ^ W^^ c+ + cos^ ^ W^^ c+] 
+ [cos^ e (9^cr) 14^1+ + cos C sin C (^^c^-) W+^ 
+ cos ^ sin ^ {9''^-) w^^ + sin^ C (^'^c") 1^2^] (a^ici + 2:202 + a;3Co) 
+ [sin^ ^ (a^cr) M^i+ - cose sin ^ (d^c^) W+^ 

- cos e sin C (a^c^) VK2+ + cos^e (9''C2^) 14^2^.] (^i^i + ^202 + 2/3C0) 

X [cos^ e (a^'cj-) c+ + cos^sin^ (9''cj;) c+ + cos^sin^ (9''c2") c+ + sin^ f (a^c^) c+] 

- (yi^ip + 2/2^2p + ys^Ai) 

X [sin^ e (a^cr) c+ - cos C sin e (a^c^) c+ - cos ^ sin ^ (S^c^) c+ + cos^ ^ (9^02^) c+] 
+ h.c. . 



(186) 



(187) 



In our approach the ghost fields are hermitian, so we have: 



±\ + 



{c^r=4, m 



i= 1,2 



(188) 
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for charged ghost, and 

for neutral ghost. The ghosts c and c anticonimute 

{c,c} = 0. 



(189) 



(190) 



Using the relations Eqs. (185-190) one can prove the hermicity of all terms in the Lagrangian with ghost particles. 
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IV On the mass - shell renormalization of the 
left - right model. 

It has been proved first by 't Hooft that non abehan theories are renormalizable [Ea. Further contributions have 
clarified the structure of gauge theories |£2[, ||7^, [Q, JS^I- In the following sections the full (i.e. all Green functions 
are claimed to be finite) on - shell renormalization scheme of the left - right symmetric model is presented |pl| , [p2| , 
|p3| . First, the definitions of renormalization constants for fields, masses, couplings, mixing angles and mixing matrices 
are given. Then, in Chapter 4.2.1, the renormalization of tadpoles is considered. In Chapter 4.2.2 the renormalization 
conditions and counter terms for two - point functions are presented. Finally in Chapter 4.2.3 the renormalization of 
remaining parameters (cos ip, sini^, Ql,b.i ^l,/?,) is performed. 

4.1 DEFINITIONS OF THE RENORMALIZATION CONSTANTS. 

All quantities written below with (without) suffix denote bare (renormalized) ones. Capital "IJ" (small "ij") 
indices represent up (down) fermions in the left and right handed doublets. For abbreviation the i, j indices are used to 
denote the neutral physical Higgses {i = H°, H'(, H^, H^, A°^, v4§), [e.g.Zf- in Eq.(^T3|)). Similarly, the single (doubly) 
charged Higgses H^ ^ {5^ ^) without '±' ('±±') prefixes are written (e.g. ^' + „+ = Z^ ^j ^a++a++ = ^Lsr)- 

4.1.1 Definitions of the renormalization constants for fields. 

i) Charged gauge bosons, charged Nambu-Goldstone bosons and ghost particles: 
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^W2Wi ^WiW-i 



1^g)i2 (^0)22 / V ^2 




-1,2- 



(191) 
(192) 

(193) 
(194) 



where the renormalization constants from Eqs.([L91|,|193D are given by: 



'^w,w, — % + '^^w', w, ' (-^g),-, ^ ^y + ^ {^GJi. ' ^w,w, — % + '^^M/, w, • (195) 
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ii) Neutral gauge bosons, neutral Nambu-Goldstone bosons and ghost particles: 




J- J- \ 

y'Q. o' 2 

i?2 ^2 -^2 ^ 



Z 



AZn 



z 



z- 



2fi 



A„ 



AA 



(^g)ii (^g)i2 
(^g)i2 (^0)22 



GO 




(196) 



(197) 



(198) 



Similarly as for charged particle there is: 



ZziZi — "k 



'ZiZi 



5Z 



V 



'ZiZj 



bZl 



Z 



ZaZa 



uij -r- u^^,^., 

^+^4aza- 



(199) 
(200) 
(201) 
(202) 



Cl 


= Cl, 




C2 


= C2, 



Co 


= Co. 



For the c - type ghosts it is not necessary to introduce renormalization constants (they occur always in pairs 
with c - type ghosts), and 

(203) 

(204) 
(205) 

iii) Fermions. 

After SSB the left - right symmetric model is a chiral theory and left and right handed parts of fermion fields 
interacts in a different way. So the V'l and ipn fields must have independent renormalization constants. To 
satisfy all on mass - shell renormalization conditions one has to introduce the renormalization matrix. 

(206) 
(207) 
(208) 
(209) 



^LI 


= y]{zi)jjiJLj, 





= >]iZlhi^L,, 



.7 
° v^ - 

'^Ri =2^iZRhlpRj, 



37 



where 






(210) 
(211) 



and the sum is taken over up (IJ) and down (ij) quarks, or over charged leptons (ij) and neutrinos (IJ). For 
convenience we wih also write {Z j^ fj)ij and {Zi/'j^)ij for charged leptons and neutrinos respectively. The matrices 
Zl.r can be complex and not unitary. If neutrinos are Majorana particles then there are relations between left 
and right handed fields, and the Z^ and Zr are related by 



Z-R- 



(212) 



iv) Higgs particles. 

Since all charge-less Higgs particles mix between each other (CP is not conserved), the renormalization matrix 
must be introduced for them: 



i 



TjO TjO tJ-0 /lO /lO 



i i — H" W-' W-' W-' A'-' A'-' 



(213) 



and similarly for charged particles: 







y 2 y 2 



i,J = l,2, 




(214) 
(215) 



In the case of CP conservation the charge-less H and A particles have different CP parities and do not mix. 



4.1.2 Definitions of tlie renormalization constants for masses. 



The masses of all physical particles are renormalized and we define: 



o 2 
o 2 
o 2 

M, 

o 2 



= M, 



W^ 



= M 



Zi 



Mf 



SMl=GlMl, 



SMf = GJMf, 



M 



H^ 



■6M' 



H^ 



GhM., 



z-1,2, 
z=l,2, 

i-1,2, 



(216) 
(217) 
(218) 
(219) 
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m]±± = M|±± + 5M|±± = G^s.Ml , (220) 

m'±± = m2±± + <5M2±± ^ G^s^Ml ' (221) 



2 



m 



~ nif + 5m f = Gfirif, f = leptons, quarks. (222) 



4.1.3 Definitions of tlie renormalization constants for couplings, mixing angles and mixing matrices. 

There are more free parameters in the left - hght symmetric model than in the SM (cos 93, sin^, ^L.R^ Kl,r)- Thus, 
more renormalization constants must be introduced. The definitions of the renormalization constants for remaining 
parameters are as follows: 

e ^Ye={l + 5Y)e, (223) 

cos(p = Gy cos(^ = (1 + (5Gy) cos(p, (224) 

o 

sinQw — Gis,„ sinSi^ = (1 + SGQyy)sa\Qw^ (225) 

sinC =G^sinC= (l + (5G^)sin^, (226) 

^L,R ^nLM + SnL.R, (227) 

Kl,r ^Kl.r + SKl.r, (228) 

oCKM 

Vl^r -^f,r + '5C/f,r- (229) 

4.2 ON MASS - SHELL RENORMALIZATION CONDITIONS AND COUNTER TERMS 

4.2.1 Renormalization of tadpoles. 

Lorentz invariance prevents tadpoles for fields other than scalar ones. To get the renormalization conditions for 
the tadpoles, to each order of perturbation the requirement that the tadpole terms in effective action disappear is 
imposed. Thus, if the diagram 



denotes tadpole U {i ^ H'^,H^,H^,H^,A°^,A'^) and the diagram 

^=Ti 
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is an appropriate counter term Tj the rcnornialization conditions ij + Tj = give rcnornialization constants T^. 

4.2.2 Renormalization conditions and counter terms for two-point functions. 

4.2.2.1 Gauge bosons. 

There are two kind of counter terms of two - point functions for gauge bosons. One is coming from kinetic energy 



Ti^^'^M-, (230) 



and the second is given by the mass term, e.q. for Z bosons 

Ml^ZfZ,^. (231) 

In the momentum space these two terms give contributions: 

kinetic energy — > —ik I g^ -^— I , 

mass term — > ig^'^ ■ (232) 

It is better to use two orthogonal tensors: 

T^- ^ M- _ ^ ^ iP- ^ ^ . (233) 

K^ k'' 

Then of course 

T'^'L^p = 0, Tf"" + L^"' = g^". (234) 

Since the gauge fixing parameter is free it is not necessary to renormahze the gauge fixing term, e.g. 

- ^ {df^Z.^f (235) 

for Z bosons. 

In aU the foUowing pictures in this section the diagram 




represents n-loop self-energy contribution, whereas 
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is the appropriate counter term. The letter '/c' stands for the external particle momentum. 
For two charged gauge bosons we have two diagonal propagators and two mixed. 



J^^XcwAiQ^AA^^ = T'^''A^^{k^) + L'^'^B^^{e), 



vAAAAAAA>><?WWV\A/^ 



rpjXy 



[Mwi +SM^j \^W^W^ 



{Mk+SM^.){zl^w.y-k' 



'WiWi 






Lt"" 



M^ + 5Ml 



Wij y^wiWi 



+ {Mk+SMk)(z. 



'W2W1 



(236) 



wi 



W^v 




T^"'A^^{k^) + L^'^B^^{e), 



vAAAAAAA>X\AAAAAA/^ 



rpfiy 



(M, 



^.+'5M^J 



{Mlr^+5Mk) 



W2W2 
2 



L^"" 



[M^ 



SM^ 



W1W2 
Z 



, 2 



W2W2 



'W2W2 



(M, 



Z 



Wi 



5M, 



Wi 



W1W2 

1 
Z, 



W1W2 



(237) 
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wt, 



1^ 



wt 



2v 



rptJ.Uj^WlW2fp\ _|_ ]^tJ.UJ^WlW2f)^2 



vAA/VWVV><?VVWWV^ 



rpflV 



(M, 



VVi 



(5M, 



Wi, 
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^WiWi^WlH'2 



(^^^2 



■ '^^Ws ) '^H'2 W2 "^1^2 Wi 



^ I ^W'iWi^W'iW2" 



L^'^ 



(Af, 



2 



(5 Af ^y^ ) ^ivi Wi ^Wi W2 ' 
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^^'2^2 W2W1 



(A^^2 



(5M^J Z^^^^Z^^^y^ 



(238) 



Renormalization conditions 



Rcnormalization constants 






= ^ 

= 

= 

= 

= 

^ 



72 72 AA/f2 

^Wl Wl ' ^VK2W2 ' "^'^ Wl 



(239) 



These equations allow us to calculate six renormalization constants. Prime superscript in the renormalization 
conditions above means differentiation with respect to fc^ e.g. 

U2\ 



A ^{M^J = j^^ \k2=M?, 



dk^ 



Wi 



(240) 



For neutral gauge bosons the situation is more complicated. There are three diagonal propagators and three mixed. 
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JZ^.r.,^,^(^y^JZ^r^. = T^M^K^') + L^^'B^^iP), 






rp^U 



(Ml + sMi) [ziz.y + 



{Ml+SMl)(Zl,] -k^lZl 



iZi 



Z 



Z2Z1 



Lf"" 



Z 



AZi 



{Ml + 6Ml) {Zlz,y + {Ml + 6Ml) [z^^)' 



(241) 



J:]^:r.^.y^y^^y^JZ^^ = r^M^^(F) + L^-S^^(P), 



vAAAA/WVX'WWWV^ 



rp^V 



(M: 



2 

^2 



(5M: 



Z2) 



{Ml+5Ml)(zl 



Z 



1Z2 



j^t^v 



(M: 



■ 5Ml 



Z2Z2 

2 

1 

2 

ZoZo 



Z2Z2 



z 



Z1Z2 



z 



AZ-i 



+ {Ml + sMi) [zi^^y 



(242) 
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JZ^.r.f^,^(^y^JZ^y^.= T^^A^^^^{e) + L^^^B^^^^{k' 






rpf. 



(M: 



Zi 



(5M 



2 \ y 2 y 2 

Zj ^ZiZi'^ZiZ2' 



[Mz^ + SMzJ ZI^Z2 ^laZi ^ ^ ( ^liZi ^liZ2 + ^12^2 ^12^1 + "^AZi "^AZ-, 



^M" 



(M: 



'^MlJZj^^^Zl^^^ 



(M. 



-^MDZI^^^ZJ^^^ 



(243) 



A /----x A 

vyvwwx/ Vwuwv = T^^ A (k ) + L^^B {k 



vA/VWWVX^AAAA/W^ 



rjiflU 



(M. 



(m2 



-^AffJ 



^2 



SMl] 



z 



'Z2A 



L^" 



(Ml 



SMl] 



ZiA 
2 

■2 

'ZxA 



'ZiA 



{Ml 



'Z2A 



5M 



z 



AA 



'Z2A 



(244) 
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JZ^,,,f^(^y,J:^,^ = T^^A^^^iP) + L^'^B^^^k^ 






^^J.v 


\mI+smI)zI,Xi^^+ 




^'^Z2 + '^^'^Zsj ^ZiZt^ZiA ~ f^" \^ZiZi^ZiA + ^iaZi^iaA + ^AZi^AAJ 


^flU 


'{Ml + SMl) Zl^XkA + {Ml + SMl) Zl^XkA 





(245) 



JZ,^,,,,,,(^^^^^ T^-A^-^{k^) + L'^^B^-^{k^), 



^2^1 Ay 

vAAA/WV\>>:?VWWW^ 



L 



nfJ.U 


\Ml^ml)zi,^zi^+ 






^/il/ 


'{Ml + <5Af|J 4^.4a + {Ml + WffJ 4,z.4,^ 





(246) 



There are 12 renormalization conditions but only 11 renormalization constants. In fact not all 12 conditions are 
independent. The BRST invariance gives relations among them, so only 11 are independent. It is worth to stress that 
to satisfy all 11 conditions, the renormalization matrix (Eq. ( |19(^ )) does not have to be a symmetric one. From these 
11 independent conditions all constants can be determined. 
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Rcnormalization conditions 



Renorinalization constants 



yl^i^(M|J =0, 
A^^^iM^l) = 0, 

A^(0) = o' 






0, 



72 72 72 72 72 72 

^ '7.7. , ^7. i! , ^ 7_ 4 , ^ AZx ' AZ2 ' AA ' 



^2lZi' ^ZiA' ^^2^' 

f2 JA/r2 



<5M4,<5M4,Z4^^,Z^^^^,..^^^^. 
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(247) 



4.2.2.2 Scalar particles. 

We don't write the tadpole part for scalar bosons because according to the discussion in section 4.2.1 it equals zero. 
For neutral scalar particles the counter terms come from the following part of the inverse propagators Lagrangian 



-EJ^°(°+^^')^"- 



(248) 



As all 6 neutral particles mix together we have six diagonal propagators and 15 off diagonal ones. 



Hi 




Hi 



F,,(A;2), t,2 = E\HlElElA\,A\ 2>j, 



Hi 



Hi 



-X- 



E ZlZl {e - Mi - SMi: 



k=l 



Altogether 42 renormalization conditions give us 42 renormalization constants. 



Rcnormalization conditions Renormalization constants 






I > J 
i > j 



Zi,Z^,Z^,SMi 



(249) 
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The following part of the inverse propagators Lagrangian gives contributions to counter terms of the single charged 
scalar particles 

2 

~J2^^i° + ^'^Hj^r- (250) 




Ut H 



■^1 



k=l 



In this case 6 renormalization constants is fixed: 

Renornialization conditions Renormalization constants 

Fh.hAMI) = \ 

F'„ „ {Ml ) = 1 1 1 1 , , 

FHH]{Mt) = 0, z> W ^ Zl^H.^Zl^^^^Zl^^^^Zl^^^^5Ml^^5Ml^. (251) 

FhJ,{MI.) = 0, z>j J 

Finally, 6 renormalization constants connected with doubly charged Higgses can be found. 

For doubly charged scalar particles the counter terms come from the following part of the inverse propagators 
Lagrangian 

- 5++ (D + Ms,) S-- - S++ (D + Ms,) 5-^-. (252) 
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sr ^ 5; 




Fs.sAk^), i,j = L,R, i>j, 



5++ o + 



-— X— -^-^— - = E Zls^Zls^ [e - Ml - 6Ml 



k=l 



Renormalization conditions Rcnornialization constants 



Fs^Ml) = 



Zl ,,,Zl., ZJ. , ZJ. , SMI , SMI . (253) 



Fs.sAM!]) = 0, i>j 

4.2.2.3 Fermions. 

The following part of the inverse propagators Lagrangian gives contributions to the counter terms of fermions 

^ ^^ {i^d^ - m,) ^, + ^ V^/ {i-i^d^ - mi) 4,1. (254) 

i I 

It is suitable to divide the renormalized inverse fermion propagator matrix K — (Kij) into four parts 

^ren ^ ^^p^ ^ ^^p^ ^ p^-^p^ ^ Bj,kPn, (255) 

where 

AL,;, = {(Ai^H),,}, BL.n = {{BL,R\^} (256) 

are independent matrices in flavor space separate for up - quarks {A^j^, B^j^), down - quarks {Af^^^\ 5^°]^"), 
charged leptons (A^ ^, _B|^ j^) and neutrinos (A^ ^, _B^ ^). These matrices for up and down quarks and charged 
leptons are 3 dimensional. For neutrinos A^ j^ and i?^ ^ have 6x6 dimension. So we have 



o 



AlP^ + A%Pn + BlkPi^ + BlkPn. 



and counter terms 



-^<- 



(Z+(m + 5m)Zfl)^^. Pr - (Z+(m + 5m)Zi)^^. P^ 
{Z+Zj,)JPn+{Z+ZL)^^kPi^. 



(257) 



The on - mass shell renormalization conditions are the following 



for i — j 



and for i > j 



Bl(m\) = Bl(ml\ 

m, (Af K ) + AJi'K)) + i {Btimi) + Bl{mi)) + mf (Bf (m|) 



A^/;(m|)+m,4(m|) = 0, 



(258) 



Bl 



m: 



0) 



A)J(m2) + m,i?l^(m2) = 0, 
A)?K) + m,i?],^(mf) = 0, 



(259) 



Al{ml)+m,B'l{ml)^Q. 

For Dirac particles of N generations (quarks and charged leptons) there are AN"^ independent on mass - shell 
conditions and the same number of renormalization constants. So, for three generations there are altogether 3x4x3^ — 
108 renormalization constants which have to be determined. For Majorana particles there are 2 x {2N)'^ + 2N — 78 
renormalization constants which must be found. 

4.2.2.4 Unphysical particles. 



The unphysical particles do not appear on external lines, so we may impose any renormalization conditions for these 
"particles". It is most convenient to use the minimal subtraction scheme. To express the Faddeev-Popov Lagrangian 



(Eq.(181)) by bare quantities we define the renormalization constants for auxiliary fields in the following way: 
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(260) 




O 

Ez2 
\Ea J 



(261) 



Then the gauge fixing Lagrangian (Eq.l63) m bare fields (omitting bihnear terms of auxihary fields) reads 



Lgf = El d^" Wif, + E2 <9^ W2^ +* El Uw^Mw^Gi + IciG^ j + i E2 UW2MW2G2 + IciGi 

o o o o o o o /ooo'-'ooO\ o /oqoO 

+ Ez, 5^ Zip + Ez; 5^ Z2m + Ea 5^ A^ - Ez, Uz,Mz,Gi + 7„iG2 j - Ez^ Uz.,Mz,G2 

oO oO 

- EaPi Gi ~Ea(32 G2, 
where 



o o >' 

+ 7„2Gi 






o 



M. 



Wi 



(40^ 



'12 



c- 



Af, 



Wa 



AfvF2 Mws 

^^^1 /^*T\ ,^0-n , . Mz; 



i^n. 



i^G )22 



?^ (4^ j2S-)„ + &^ (zf )„ (zg-') J 

L. = («4^ (4^„ (2S-)„ + ?4^ (4^,, (2S-)J . 

V Mza A/Z2 ^ '22 y 

7„i = p/z. (zf)^^ (Z°-i)^^ +Pfz, (zf )^^ (^g"')22 ' 



7Q-1\ 



7„2 =eMz, (4'')^J4"^)ii+eMz.(zf)^^v-G ;2i 



7ci = 

o 

7c2 = 



^Mw, (zf )^^ (z+-i)^^ +eAfw. (4"^)^^ (^5-^)21 , 



/3i = p/z, (Zf ) ^, {z"G-')n + ^^Iz, (Z. 



13 



^z y^gV-G ;2i 



/32 - CMz, (4"^) ^3 (4"') 12 + ^Mz, {zf) ,3 (4"') 



22 



(262) 



(263) 



The bare "D" quantities from Eq.(|l65|) read: 



o o ^■' o o ' 



Dz, = 5"""=' 9^ Zip - ^z,Mz,Gi - 7„iG2 , 
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o o o o o 



Dz, = S^"""' d^ Z2^ - iz,Mz,G2 - 7„2Gi , 



,0 „0 



Da = 5""''' [d^ A^ -Pi Gi -p2 G2J , 

0+ ~UDQ^ f °+ ° ° °+ 0+^ 

Di = S^'^'^^ d" Wif, +i ^WiMw.Gi +i TciGa ; , 



D^ = S^^^^ ( a^ W^2m +t £,w^Mw,G2 +1 7c2Gi 



(264) 



a. Goldstone - bosons. Three renormalization constants for charged Goldstone bosons are determined from 
three inverse propagators 



or 




G 



F^{k^). t>j, 



Gt 



G 



X- 



iZ^)uiZG)l, + iZ^)2AZo) 



2j- 



e^^ (m2,^+jm^J(z±)^Jz±) . + eM.. (M^, + <5M2.J(Z±)^JZ±) 



2j 



From any renormahzation conditions => [ZqJ , [ZqJ , \Zqj^ 



For neutral Goldstone - bosons there is a similar situation: 



Gr 




G 



F^,{k'), i>j, 



Gr 



G 



X 



{z%),M),^ + {z%)^^{z%) 



2 J 



G, (M|^+<5M|J(Z0)^^(Z0),. + G, (M|^+5M|J(Z°)2^(Z°) 



2i 
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And from any rcnormalization conditions => (Zq) , (Zq) , (Zq) . 

b. Faddeev - Popov ghosts. For charged Faddeev - Popov ghosts there are four inverse propagators and four 
counter terms to them: 




+ 



7,^(P), ^,J = 1,2, 



-+ + 

C; C 



X - = t[-e+l^^{M^^ + SM^^)^Zl^, 



From any renormahzation condition, four renormahzation constants ^^.^y. {i,j — 1,2) wiU be determined. 
For neutral Faddeev - Popov ghosts there are nine inverse propagators and the same number of counter terms: 

Q. ^ ^ Q. 

> = 7°(^'), ^,J = Z^, Z,, A, 




■'!■ - X - = t(-k'+l{Mi + 6Mf))zl. 



The aheady determined renormahzation constants make finite all other two - point functions. 

4.2.3 Renormalization of couplings, mixing angles and mixing matrices. 

As it was mentioned in section 4.1.3 there are more free parameters in the left - right symmetric model than in SM. 
To calculate the renormalization constants for them, additional renormalization conditions must be imposed. In the 
next section the renormalization of charge is performed. Subsequently, the rcnormalization of mixing angles (p, Ow, 
^ and mixing matrices is analyzed. 
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4.2.3.1 Renormalization of charge. 



In order to calculate the renormalization constant for charge {5Y), the A^e e^ vertex is considered 




Renormalization condition 



Renormalization constant 



M(TOe)r^eA"("ie) |fc2=0= 



SY. 



(265) 



The vertex T^^^ contains the counter term part and the proper vertex of all the Feynman diagrams 



CA-^e7Mr; 



A 
CT 



Putting the definitions of appropriate renormalization constants from Chapter 4.1 to LjJ^j (Eq.(^ 
form of Fgg^ in one loop approximation is obtained 



(266) 
), the following 



■peeA 
'-CT 



6Y + SZl^ + {5Zi),,PL + {5Z'j^)eePR 



+ Z 



1 



ZiA 



sin 26 



w 



cosv3(— 1 + 2sin^ Qw) ~ sin 93 



sin^ Q\ 
Vcos 26 



• 2 ^ • 1 — 3 sin Qw , „ 

2 cos If sm 6^^ + sm ip ^^ — ) Fp> 



Vcos 26 



w 



Z 



1 



Z2A 



sin 26 



w 



sin(^(— 1 + 2sin^ 6^) + cosLp 



w 



siv? Qw 



Pl 



Vcos 26 



w 



o ■ ■ 2r^ , -l + 3sin 6w 

2 sm ip sm Q\y + cos ip - — i-/j 

Vcos26vF 



(267) 



where 



(5Zi^^,),e = {SZ[i,R)ee + {^Z%)\, 



(268) 
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4.2.3.2 Renormalization of mixing angle in neutral sector {<j)) and mixing angle Ow 

In order to calculate the SGip and SGq„ renormalization constants an additional vertex - Zie^e^ is exploited 



z^ 




By considering renormalization conditions separately for vector and axial vector parts, two renormalization constants 
can be obtained 



Renormalization conditions 



Renormalization constants 



(269) 



-/ ^^^M / \ I n f from the vector \ ^„ j.„ 

u(m,)r,,^^z.(m,)U.=M|^=0 [and axtal veetor parts) ^ SG^,SGe„. 

Similarly as in previous two sections, F^^^ can be split into two terms 

^'eeZ,^^er{^c?'+'^D^')- (270) 

By applying definitions from Chapter 4.1 to Eq.(|97|), for the one loop level the following form of counter term ensues 



-^eeZi 
CT 



X COS ip- 



SY + (SZi),, + SZl^Zr + SG^ + SGe„- 
(-l + 2sin2evF) 



cos2 ew(-l + 2 sin^ 9^-) 



sin 291 



+ 15Y + {5Zi)ee + SZ^^z, - SG^ cot^ (^ + 5Ge„,- — 



(l-2sin'*9w) 



X sm if— 



(- sin^ Qw) 



sin 29n/\/cos29 



w 



Pl 



SY + {SZ'^U + 5Zl^z, + 5G^ + ^Ge„. -^^^^ 



w 



—3 sin^ 9^^ + 6 sin^ Qw — 6 sin^ 9^^ + 1 



sin^9vF)(l-2sin^9iv) 



2 sin 9^^ 

X I COSifi^ 



sin 29 



w 



+ Uy + {6Z^j^)ee + 6zl^z^ " ^^^ COt^ (f) 

+ <5Ge„, 



"' (-1 + 3sin2 9h')(1 - sin^ Qw){l -^siu^ Qw] 
{l^ism^Qw) 



X sm^j— 

sin 29w Vcos 29^^ 

sin2 9 



Pr. 



Z 



ZiZ\ 



COS (/3 



C0Sly9 



w 



sin 29Ty\/cos29 



sin(^ 



(-l + 2sin2 9H.) 



w 



sin 29 



w 



Pl 



(-l + 3sin2 9M/) 
sin 29Ty\/cos29vF 



sm(/3- 



2 sin^ Qw 
sin29vF 



Pn 



'AZx- 



(271) 
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4.2.3.3 Renormalization of mixing angle in charged sector (^). 
The renormalization constant for mixing angle in charged sector {SG^) can be determined from the WiViC vertex 




Renormalization condition Renormalization constant 



'«("^I.J^^^eH'l'"(™e) lfe2=Af^^=0 



5Gf 



Similarly as for A^e e^ vertex, F^^^y is the sum of the counter term and Feynman diagrams part 



^ N,eWi_ — "-7 \^ CT ^ ^ D J ■ 



(272) 



(273) 



After setting to Lq^ (Eq.(p4)) the definitions of appropriate renormalization constants from Chapter 4.1, in one 



loop approximation the counter term reads 



yNieWi _ COsg 

^^ " x/2sine 



w 



6Y + bZl,^^^-bGQ^-bG^ 



sin^^ 
cos^ ^ 



(^i)7e 



W{{5zt^)iA + [&Z''H^^K^) 



\ E (('54^)&e + (^4^)1) {K^)l^ + 4.vf. ^'^/q^ (-^l),Jpl 



sin^ 



{ [<5r + 8zl,^^^ - SGe„ + SG^] (Kn), 






R)Ae 



^^V y V2smew J 



(274) 



4.2.3.4 Renormalization of mixing matrices. 

The renormalization of the mixing matrices Uf^^^ in the quark sector and K^ji in the weak charged current 
Lagrangian has already been analyzed Bq] , p7| . In this section the renormalization of mixing matrices in the weak 
neutral current sector {^l.r) is performed. 
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First, let us consider the left handed part of the unrenormalized charged current interactions (for the right handed 
part all formulas are analogous) in the form 



(Ice) 



left 



cx N YPl Kl 



In terms of the renormalized quantities the right hand side of Eq. ( |275| ) reads 

7ViZ^^%^ {Kl + 5Kl) z'^-Il ^Nl(i + ^SZ^A 7^ {Kl + 6Kl) { 1 



(JDcc + isr 



Dec ' 



1 



'-5Z'l II 



(275) 



(276) 



where 



{SJ^)^^ = NlY^ [ ^-SZI^Kl + SKl + ^KlSZI ] II 



= Nl^ { \5ZI^Kl + 5Kl + \kl5Z'j\ h + Nl^ (\5ZIKl - ^SZ^Kl ) II 



1 



7ii 



1 



+ NLr^-KLSZ'j^--KLSZ',^jlL. 
Using the formulas (satisfied both for the bare and renormalized quantities): 



(277) 






(278) 
(279) 
(280) 



in one loop approximation one gets 



VlVl 



(y^^t + SY-'^^ {yi + 5vl) = Kl + vi^bvi + bvi^vi = Kl + sv^W}:kl + KlvIHvI 



= Kl+SKl, 



(281) 



and thus 



(W^)^^ = Nlj^ \ 1 (^Z^t + gz-[) Kl + \kl (sz^ + 6Z'l) | h 



Nlj" 



\{^z- 



vUrv 



szi +sv^^vi 



KlIi 



Nlj^Kl 



5Z^L-6Z'^\+Vl'SVl 



ri-Uwi 



I, 



(282) 



^i^t 



We may fix SVj^ and SV^ by requiring that the antihermitian part in Eq. ( |282| ) (i.e. the terms in square brackets) 
vanishes: 



6vi:' = -\(szi^-szi)vi:\ 



(283) 



56 



svi: - - 



Ivi: (szi 



5Zl^ 



(284) 



The same procedure used for the right part of the neutral current Lagrangian yields similar expressions for 5Vj^ 

(285) 



and (5V^^ 



r^^i 



1 



^<>t 



5yR' = —^[5z''ji-5z^j,)v:,^, 



M 



SVii 



-ViiiSZ'i.-SZ 



R \^^R 



(286) 



Let us consider now the left handed part of the unrenormalized neutral current interactions (for the right handed 
part all formulas are analogous) in the form 



{Lnc) 



left 



cx N -f^'PL QlN 



(287) 



Rewriting the right side of Eq. ( 287 ) in terms of renormalized quantities one gets 



\'^l)nC '^ y^'^LlNC ' 



(288) 



with the following expression for [SJ'^) 



ljnc 



(SJ^)^^, = NlY' { ^szi^^L + snL + -n^szi ] Nl 



Nl^ ( \5Zl^nL + Sn^ + I^lSzA Nl + N^r (\5zinL - \5ZI^l ) Nl 



Applying the formula 



NlY ( \^l5ZI^ - \^l5ZI^ ] Nl. 



rt^U 



nL^v^^vE 



(289) 



(290) 



satisfied for the bare and renormalized quantities, at the one loop level one obtains 



ji^t oi' 



^''t 



•^Ujri^ 



VlVl ^{ vp + svp [vi: + 5vi:) ^nL + vpsvi: + sv^vj: = f7i + nLV^sv;^ + 5^^^/ ^^ 



M-trV 



rvU 



rvUrVf 



= nL + 5vll 



(291) 



and further 



{5JI)nc ^Nli4\(5ZI 



5zi)nL + -nL[5zi + 5zi 



v\ 



Nl 



+ Nl1^ 



- [5Zl' - 5Zl) Ql + sv^vi^nL 
\^L(5zi-5zi^)+nLVlHv^ 



Nl 
Nl- 



(292) 
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It is easy to see that after using the formulas from Eq.(283) and Eq.(284), the antihermitian part in Eq.( |292| ) (i.e. 
the terms written in square brackets) cancels, and when the mixing matrices for the charged currents K^^ Kn are 
renormalized the matrices fii r are renormalized as well. 
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V Renormalization of the Z - two Majorana 
neutrinos vertex (ZiN^Nj) in the frame of 
the left - right symmetric model. 

In the previous Chapter the method to renormahze the left - right symmetric model was presented. Analyzing the 
procedure, it is easy to realize that the expressions used for renormalization of the left - right symmetric model are 
much more complicated than for SM. First of all, there are more fields (and what follows more masses) that have 
to be renormalized. More particles in the model means more Feynman diagrams one has to take into account when 
calculating processes. Furthermore, additional renormalization conditions for new free parameters (0, ^, i^L.^R, K^n) 
must be imposed. 

To have a good test whether the method developed in Chapter IV works a cancelation of the infinite part (ultraviolet 
divergences) in the ZiNiNj vertex in the next section is verified. In Chapter 5.1 the general renormalization scheme 
for the ZiNiNj vertex is presented. Then, in Chapter 5.2 the calculation of the necessary renormalization constants 
is performed. Finally, in Chapter 5.3 the numerical calculations for the ZiNiNj vertex are described. 

5.1 THE GENERAL SCHEME - DEFINITIONS OF THE COUNTER TERMS. 

Having the definitions of renormalization constants and appropriate renormalization conditions we can go to the 
renormalization of the ZiNiNj vertex 




As usually, the full ZiNiNj vertex is the sum of the counter term part and proper vertex of all the Feynman 
diagrams 

We can decompose the counter term part into left and right components 

T^c't'"'' = iPL{CT)L + Pr{CT)r) . (294) 

The following bare Lagrangian (see Eq.(p7pl)) contributes to the ZiNiNj vertex 
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^Zififj - 



2 sin Qy/ cos Qw aM 



J2\^- ^''Pl (aY: {nL)ab- A]^ inR)ba) NbZl^ 



Na I^Pr Ajj" {VlR)ab- ^L {^L)ba NbZlf. + 



Na I^Pl Af {flL)ab- Aj^ {nR)i,a NbZ 



J2fj. 



Na I'^Pr A'^ {nR)ab- Af {nL)ba iVbZs, 



(295) 



To be consistent with the definitions of renormahzation constants from section 4.1.3, the couphngs A£ ^ should be 
taken in the form: 



cos 



1— cos 



sin 9t, 



l-2sin 6 



w 



^R. 



1— COS 



1- sin e 



w 



Af = Vl-c6s 



1 — 2 sin Qw 

o 2 

sin Qw 



1 - 2 sin Qi 



Al- =cos 



1— sin 9t, 



(296) 
(297) 
(298) 
(299) 



1 — 2 sin Qw 

After transformation to the renormahzed quantities, (including renormalization of the mixing matrices ^l,r) the 
following form of {CT)l and {CT)r is obtained from Eq.( |295| ): 

1 



{CT), 



sin20vy 
5Y + 5Gq 



5Y-5GeJ—^^^+5Zl 



1 - 2 sin* 6 



cos^ Qw 
w 



ZtZt + 5G^ 



cos2 61^(1 - 2sin^ Qw) 



COiHp{^L)]i 



X sm If 



sin^ Q\ 



-v/cos28vK 
5Y + ,5Ge„. 



(^L)ji 



l + 4sin2ew-2sin'*evF 



cos^ 9w(l — 2sin Qw) 



+ (5Z|^2^ ~-6G^cot^ip 



X sm if 



'w 



Vcos 28 



{^R)^, 



Z'iZ\ 



C0Siy9- 



w 
sin^e 



w 



+ sin(y9 



(S^l), 



cos^e 



w 



J 4 ry COS 09 - 

^'^^ Vcos2evi/ 



{^r\ 



Vcos29W 



X cos If + sm If 



sin^ 6 



w 



\/ms2Qw 
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A 



7^h\\ 



{5Zl^)jA + ('5^?)^^ ) {^rU + 7^y,{{6Zl^)Bi + (K')s/) i^R)Bj 



2^^ 



sin(p 



cos^e 



IV 



Vcos29tv 



(CT), 



1 



sin26vF 
<5y + <5Ge 



(5y-(5G 



1-2 sin^ Qw 



Bv 



1 - 2 sin" e 






SZ 



ZiZi 



SG^ 



COSip{^L)i 



cos2ew(l-2sin^eTv) 



SZ 



ZiZi 



5Gip cot^ (/3 



X svaip 



sin^ e 



w 



Vcos29h' 
(jy + (5Ge 



(r^ 



L)ij 



-I + Aaiv? Qw - "i^vcL^ Q\ 



cos^ 6vf(1 — 2 sin^ 6vf) 



(5Z 



ZiZi 



— 5G^p cot^ (^ 



X svaip 



iS^R). 



Z 



cos^ 9tv 



^/co^2Qw 

sin' Wn/ 



j« 



Z2Z 



^^Gv 



COS(p- 



sin<y9 



-v/cos28vi/ 



(^l)jj -^|^2iC0S</? 



'W 



(f^fl) 



2^^ V 

A 



X cos(p + sin(^- 



sin^ e 



w 



^/cos.2Qw , 



^/cos2Qw 
\T.{^5Z^R)Bi + {5Z^n^)'Bi){^L)B, 

B 



X smip- 



cos^ Qw 



(300) 



(301) 



y/cos2Qw , 

There is a symmetry between the left and the right part of the Lagrangian that allows us to eheck the cancelation 
of the infinite part only for one (left or right) component. In the section 5.3 the calculations for the left - handed part 
of ZiNiNj vertex are described. 



5.2 CALCULATION OF THE RENORMALIZATION CONSTANTS. 

In this section the calculations (in one loop approximation ) of the renormalization constants indispensable for 
renormalization of the ZiNiNj vertex are presented. All calculations are performed in the Feynman gauge (^ = 1). 

5.2.1 Calculation of the renormalization constants for gauge bosons. 

1 
i) The renormalization constant Z^ ^ . 
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The Z| 2 constant is obtained from renormalization condition (see Eq.(247)) 



(302) 



After taking the counter term from Eq.(241) and spUtting A^^ (fc^) into counter term part A^Jp (fc^) and 
Feynman diagram component Aj^^ {f^^)y Eq.(302) leads to 



E ^Dn (Ml) 2Zl,^ = ^ Zl,^ =IY. ^^n i^^l) ' 



(303) 



where the sum in Eq.(303) is over aU Feynman diagrams that contribute to the Zi - Z\ Green function (see Fig. 
1)- 




v., + i-l 





~. H , wr 



*~. H|;, H° 



1,2 * i^ij 



y^ Cijj 



H^ .'*-.^A? Ht--, ^.'^-^Hr, Hr,,i^.^Hi- srv^-.^sr- sr^-^-.^sr' 

+ y * + ^\?- t 1^1.2 +>»' *"•■» *+* * 



^1,2 / \^\.l 




WT2 



t 



8ur" 



Fig.l 

The Zi,2 — Z\a one loop Green functions. 



ii) The renormahzation constant Z\j^. 



Taking the counter term from Eg. ( 244 ) and renormahzation condition ( Eq.(247)) 

A^'(O) = 0, 



(304) 



62 



one gets the following expression for Z 



AA 



Aa = \Y.^dM- 



(305) 



Similarly like for Z| ^ the sum in Eq.(305) is over all Feynman diagrams that contribute to the A - A Green 
function (see Fig. 2). 




A, z. 



a,b 




H?", --*-. H,", HT 



Gi', 



icli 



5++, 



8++,-- C++,- 



5++.-- 




wl-; 



Hl:2,Gi:2 



8l*r" 



Fig.2 

The A — A, Z\^2 one loop Green functions. The summation is over the neutrino [Na, Nt) and the charged lepton flavors 

(M- 



iii) The renormalization constant ZJ 



ZiA- 



From the counter term Eq.( p45[ ) and renormalization condition ( Eq.(247)) 

A^'^iO) = 0, 



(306) 



the following expression for Z^ ^ is obtained 
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-^ZiA — ^ 



j:^H^Dn{^)- 



(307) 



The diagrams contributing to Zi - A Green function are presented in Fig. 2. 

1 
iv) The renormalization constant Z^ ^. 



Taking the counter term from Eq. (|246| ) and renormalization condition ( Eq.(247)) 
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A^'^{0) = 0, 



(308) 



one gets 



^Z2A — j^2 7 j-^Dn (0)- 

•^2 n 



(309) 



The diagrams contributing to Z2 - A Green function are the same as for Zi - A (see Fig. 2) 
v) The renormahzation constant Z^^^ . 



From the counter term from Eq.(245) and renormahzation condition ( Eq.(247)) 

A^^^(M|J=0, 



(310) 



the following expression for Z^^ is obtained 



Zi n 



The sum in Eq.(311) is also over diagrams presented in Fig. 2. 

1 
vi) The renormahzation constant Z^ ^ . 



Taking the counter term from Eq.(243) and renormahzation condition ( Eq.( p47|) ) 

A^'^- (M|J = 0, 



(311) 



(312) 



one gets 



Z^ — 
Z2Z1 



Z\ ^2 n 



The sum is over diagrams given in Fig. 1. 



5.2.2 Calculation of the renormalization constants for fermions. 



(313) 



First of all, one should notice that renormalization constants for fermions occur in F^^ (Eq.(267)) and {CT)]^ 
(Eq.( ^00| )) only in combination 

■it 



SZln + 5Zl^- 



(314) 



Hence, it is sufficient to find the expression for all terms from Eq.( 314 ) not worrying about the form of particular 
elements. Furthermore, for the infinite part of A^, A^, B^l , B^^ the following relations take place: 
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Al{m'^ = Al(jn\ 



m 



A%{, 



At J 



Bt{m])=Bl{mf)^Bt 



Using renormalization condition from Eq.(25£) and counter term given in Eq.(^57|) one obtains: 



Uz 



infinite part 



-2B^i, 



(315) 

(316) 
(317) 

infinite part 

Here indices i, j mean the charged lepton and neutrino flavors separately, and i — j or i =/= j. As usually index D 
means the Feynman diagrams contribution. The electron and neutrino self energy diagrams are presented in Fig. 3 
and Fig. 4 respectively. 



= -2B^i. 




+ E. 



Hl,2.Gi 2 



5l. 8r 



H", H?.2, A?, 0^2 



^ 1+ N ' r 

L^ -^'^-* » "-"^ + La -^^-* ^ 



Fig.3 
The electron one-loop self energy diagrams. 



= £. 



Z,,, A 




+ E, 



, ^ 


Wt,2 


\ 


-+Sa 













H , Hi 2.3, Ajj, Gij 

N., "\ 

-4 i^ »-f — 



65 



Fig.4 
The neutrino one-loop self energy diagrams. 



5.2.3 Calculation of the renormalization constant for charge. 



Having renormalization constants for gauge bosons and ferniions, the renormalization constant for charge (Y) can 
be easily calculated from renormalization condition Eq.(265). The F^-p component of r^^^ is given in Eq.(267). The 
diagrams contributing to F^ are shown in Fig. 5. 



Z, ,, A 




+ E. 







c 



H°, H?,2, A^, 0^2 



* > + L^ > 4 > — «— » — a-^t— + 2^ 



Sl. 8r 



/.H.il. \ . 

-^ — i — > • — > • > 



Sr S 5r 




Fig.5 
The one-loop diagrams for the Aee vertex. 



5.2.4 Calculation of the renormalization constants for mixing angles and Ow- 



Using renormalization constants for gauge bosons, fermions and charge, the renormalization constants 6g and 
Soa... are obtained from renormalization condition Eq.(26£). The F^^,^ component of F^^^ is presented in Eq.(271). 



'Ge, 



eeZi 



The diagrams contributing to F^ ^ are shown in Fig. 6 
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Z,2, A 



W,, 




+ ^a ^^ 



* > + 



'a,b 



H2, Gi 2i c H2, Gj 2' 

H, I H, 

Hi,2.Gi_2 

/ 



* > + 



-^— < — »■ 



8r 5 8r 



E, ^a ^a 
a > * > ^-^ •^>~- + 



H°,H^,2 I hlGli 



H°, H'J.j, A?, G?,2 



V /.la .la. \ . 





HU TjU 
, rli 2 q 



Fig.6 
The one-loop diagrams for the Z\ee vertex. 



5.3 INFINITE PART OF THE ZiNjNj VERTEX AND RENORMALIZATION. 



As it was already mentioned in Chapter 5.1, the symmetry between the left and the right part of the Lagrangian 
allows us to check the cancellation of the infinite part only for one (left or right) component of the F^ ^r. jv • For further 



consideration the left part has been chosen. Therefore, the following equation had to be verified (see Eq.(293,294)) 
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[^zimN,)^ 



infinite part 



lej^ 



,ZiNiNj 
D 



= 167^' 



(r-^/'-^)^ + (i 



PL{CT)L+lrl''''''^ 



infinite part 



0. 



infinite part 



The diagrams contributing to T j^ ' ^ are shown in Fig. 7. 



Z,,, A 



-a,b 





+ ^a ^-^ 



ir 



+ E. 



H2" , G12; C H2' , Gi'2; 
Hi- § Hi'- 



H , Hi_2j, Ai_2, Gi_2 
+ 2.a,b > * * ? * * * + K -^ 



Hl,'2>Gl,'2 



> * > 9-^ •-^- 



H",H°,; I A';,G?2; 
H? § A5 





(318) 



Fig.7 
The one-loop diagrams for the ZiNiNj vertex. 



As the first step of the calculations, the dimensional regularization for all necessary two and three point functions 
has been performed. Then, all needed couplings have been derived (see Figs. 1-7), and the infinite part of all necessary 
renormalization constants and diagrams contributing to ZiNiNj vertex have been calculated. Since neutrinos are 
Majorana particles, little more complicated techniques must have been applied during the calculation of the diagrams 
(see [Q). Finally, a numerical calculation (with the help of " Mathematica" program) has been performed, proving the 
validity of Eg. ( pig) . From the technical side it is worth noting that the infinite part of the renormalization constant 
for charge (Y) has been found to be zero. Moreover, the calculations would not change if the Z^ ^ constant were 
held as a variable (i.e. without putting its explicit value). 
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VI Summary 



The on mass shell scheme has been used to renorm.alize the m.anifest left-right symmetric model. We have given 
general conditions to renormalize the bulk of physical fields which enter the model. Also nonstandard parameters 
((/), ^, r^Lfl, ififl), connected with neutral and charged, left and right handed currents have been discussed and 
renormalized. Consistency of the scheme has been checked using the ZiNiNj vertex (cancelations of infinities). 
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II. Renormalization. 



In this chapter we present the definitions of all renormalization constants and the on mass shell scheme. 
The way how to calculate all counter terms for tadpoles, two and three point functions are given. 



I RENORMALIZATION OF THE TADPOLES 

A Denitions of the renormalization constants 

tO ttO ttO ttO a O a O 
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Part I 

Model at the tree level. 

For consistency we have written down below the full Lagrangian at the tree level we use. As stated in this section we 
use the model where 

(i) manifest-left right symmetry (Eq.(23)); 

(ii) 9L= 9r; 
(iii) Higgs sector is simplified 



I STRUCTURE OF THE LAGRANGIAN OF THE THEORY 

A Fermion and gauge elds 

In the SU{2)l ® SU{2)r ® U{1)b-l gauge model quarks (Q) and leptons (L) are placed in doublets 

L^L=(j^^ : (2,1,-1), L,n=(jl^ : (1,2,-1) (1) 

Q,L=(^2) ■■ i'^^^/^)^Q'R=(^2) '■ (1'2'V3) (2) 

i=l,2,3 running over number of generations. In paranthesis quantum numbers connected with 

SU{2)l ,SU (2) r,U (1) b-l groups respectively are assigned. The quantum number for U{1)b-l gauge group is obtained 
by means of particles' charge identification 
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B Higgs sector of the theory 

In order to produce fermion mass matrices we need the following Higgs multiplets (again as, in the fermion case, in 
paranthesis quantum numbers {Tsl,Tsr,Yb-l) are given) 



2,2,0); (13) 



~^ = r2<^*r-, ^Q'^*'0) (14) 

with gauge transformation 

<i>' = \e-'a^i®(^) (g) e's«*®(^) ® Ig.A <{>. (15) 

Consequently the most general Yukawa Lagrangian is given by 

Ly= J2 ^L[h^ + h4>)'i'R + h.c. (16) 



However, bidoublet (f) is not sufficient for breaking SU{2)l ® SU{2)r ® U{1)b-l gauge group to the standard 
/(2)l® 
Explicitly 



SU (2)l ® U (\) one. This is because after SSB < (j) >= „ symmetry is broken to U (\) ® U (\) gauge group 



Y <(t>> =0 (17) 

(TsL + Tsfi) < </- > ={q-^\<^>= 0. (18) 

There are however other possibilities to break this gauge group to the SM one [?]. Among them the most popular 
is breaking using Higgs triplets (A^ ~ (3, 1, 2), A/{ ~ (1, 3, 2)) in addition to the bidoublet 4> 

^^'""l Sin -SU/V2)- ^''^ 

This Higgs sector leads to appropriate gauge symmetry breaking by the chain 

SU{2)l ® SU{2)r ® U{1)b-L ^ SU{2)l ® U{1)y "'^"" U{l)err^- 



(20) 



This will be shown in the next Section. 

Now we can build the kinetic part of the Lagrangian 



L = Tr [{D,Al)^ (D'^Al)] + Tr [{D,Ar)^ (D'^Ar)] + Tr [{D^cf,)^ (D",/-)] . (21) 



II LAGRANGIAN IN THE PHYSICAL BASIS 

In the previous section we've introduced the full Lagrangian with scalar, fermion and gauge fields. Now we will find 
transformation of these fields to physical basis. 

A The physical elds 
1. Gauge bosons 



Masses of gauge bosons are obtained from the Lagrangian Eq.(21) 

The charged (<± = ^«^ T iW^L)^ W^/ = 72«« ^ iW^i^ and neutral {W^^, W^^, B") gang 
w 



matrices M^ , Mq are the following 






M^=\_9l^2 2!(^2^4^|) -Agg'vll- (28) 



-'igg'vji Ag''^v] 



These mass matrices are diagonalized by the unitary transformation for charged gauge bosons 
and by orthogonal transformation in neutral sector 

Cyj C Cyj S Syj 

Xi X2 X3\ I Zi\ 

J/1 J/2 J/3 ^2 (30) 

vi V'z vz I \ A I 





where 



sin (cos) 6, 


s{c) = sin{cos 


Vcos 26 

cos 6 

e 


Sm = tan 6, 

e 



sinQ ' Vcos 26 



VR = URhR = UR{PRN) 

The mass matrix for charged leptons is 



VL = UluI = UUPlN), ^^q^ 



m = — IhKi + JiK-j] , (41) 

and is diagonalized by the biunitary transformation 

U'l^ mU'^ = m, (42) 

where rrii is a diagonal, positive 3x3 matrix and unitary matrices t/j^ ^ yield the physical lepton fields / = /^ + /^, 

Il,r = UijL,R- (43) 

The Yukawa interaction for quarks equal 



r9 

Yukaw a 



J2 Ql [h^ + h^] Qr + h.c. (44) 

Ql,Qr 

Charge conservation does not allow for Majorana terms (Eq.30) to be present here. 
After SSB we get 

L'Lass = -MuULUR - MddLdR (45) 



where 



Defining physical states 



Mu = ^ [h^^ii + h^^i'j) , Mi = ^[ h^Ki + h^K2 ) . (46) 



UL,R = V^rUl,r, (47) 

dL,R = VijL,R (48) 



Mf "3 = {m^,m„ mt)diag = V^^M^V}^, (49) 

Mf"^ = {md, m,,mb)diag = vf MdVi- (50) 



3. Higgs particles 



Minimalization of the Higgs potential gives us relation between physical and gauge Higgses, too Ik± = \/k^±k^ 



B Interactions among physical elds 

1. Gauge boson - fermion interactions 

Leptons 

The charged current Lagrangian (Eq.lO) 

Lcc = ^^l^{PLWt^ + PRW+^)l + h.c. (64) 

converted to the physical one is following (Eqs.(39),(42),(28)) 

Lcc = Nji' [a^l^Pl + A^r^Pr) iW+^ + A^t" {a^l^ Pl + A^r^ Pr) iw+^ + h.c, (65) 

where 

a[^^ = -y=^— -cos CKl, a')^^ = — 7^^-^sm CKr, 

L V2sin0 S I.) R V2sin0 ^ "" ' 

A^^ = -^-^sin fKL, ^r' = ^" ^ cos fKR, 

L y2sin0 ^ -f-' R y2sin0 ^ ""' 

and Kl{Kr) are 6x3 mixing matrices 

KL = ului , Kr = uIu'r. (66) 

Similarely the neutral current Lagrangian in the L-R model is given by 

^^^ = 2sinfl 'cosfl ["^"^1" + "^'^^.] - e-Ze"™^. , (67) 

/ sm Kiw cos Kiw 

where Jj^^ = I'^^l and neutral currents J'^^ are equal 

Ji = h" [A'IPl + A'^Pr] I + u^^ [A^I^lPl + A^^^rPr] V, (68) 



where 



^L = uIUl, ^r = uIUr; 

A^l = cos (f) gl+ sin (f) g£ , A]^ = cos (?i + sin (f) g£ 

A]l = cos<f> g% + sm<f> g'^, Aj^ = sm<f>g'j^, 

Af = cos<j, (-g'£^ + sin <j,gl, Xf^ = cos <j, (- g'£^ + sin , 

{-9r) + sin (t,g%, Aj^ = cos ,?i (-^f^^) , 



(69) 



and 



2. Gauge-Gauge three and four interactions 

This Lagrangian is defined in Eq.(28) and can be written in pliysical basis taking into account Eqs.(28),(29). 
i.3.4 = -ig {di^W^" [(sm^e P^+ - cos^sm^ W+^) [yiZ,, + j/2^2. + V^A,) 

- (sin^e P^+ - cos^sin^ W+^) {yiZi^ + 1/2^2^ + J/s^m)] " /»-C- 

+ d'^W.-'^ [(- cose sine W+^ + cos2 ( W+^) {yiZ,, + j/2^2. + V^A,) 

- (-cose sine W'lt + cos2 e P^2"l) {yiZii. + J/2^2m + 2/3^^)] - /»-C-} 



- g^ { [sm^ e W^^W+^ - cose sine (^^1+" ^^27, + ^r''^2+ ) + cos^ e ^^2+" P^2"J 
X {yiZ'( + j/2^2 + y^A") {yiZi^ + 1/2^2^. + y^A^) 

- [sm^e P^+'^P^i" - cosesme {W^^Wt^ + P^2+"^i7,) + cos^e W+'^W^^] 
X [yiZ^i + 2/2^2" + S/s^") (j/i^i^ + J/2 ^2. + y^A,)] 

- ig {5" (j/i^r + s/2^2 + s/3^'') [sm' e (-w^i+ w^r. + w^r.^i) 

- cos e sine {-W+^W^, + P^2",^l"l - ^1+^2". + ^r,^2t) + COS^ e (-W^2+,^2". + ^2",^l"l)] } 



-g' {sm^e [W^''W{,WrW+, - W^'W^.W^'^Wt^ 



2sin3ecose [w^r^w^i- p^i+''p^2"l - <''w^r,^r''^2"l - w^r''w^i+,^i+''^2". + ^'^it. ^r''^2"J 



4 sin e cos e 



2P^r''^2",^i+''^2"l - <''W^2",^r''^2"l - ^<''^2",^i+''^2". - \^l''^t'^l'''^l 



2cos3esine [W^r''W^2",^2+"^2t - W+^'W^^W^'-Wl - W^^W+^W+'-W^, + P^i+''P^2+,^2""^2".] 

COS^e [W^2"''^2",^2+''^2"l - W^2+''^2",^2"''^2"l] } 

ig {dm^" [(cos^e P^+ + cosesme W+^) {yiZi, + y2Z2. + yaA,) 

(cos^e W+ + cose sine W+) {yiZii, + 1/2^2^ + J/s^m)] " /»-C- 
d^W^" [(+ cose sine W+^ + sm^e P^2+) iyiZi. + J/2^2. + J/sA.) 

(+cosesine W+^+sin^^W+J) {yiZi^ + 1/2^2^ + J/s^m)] " /»-C-} 



/ {[cos^e p^r^^it. + cose sine (w+^w,-^ + W.-^W+J + sm'^C w+^w,-^] 

[cos2 e W+^W,-^ + COS e sine (W'2""^i+ + ^2+"^i7,) + sm' C ^2+"^2"J 
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m^ denotes neutrino masses, three light (b=l,2,3) and three heavy (b=4,5,6). The parameters Aq,Bq,A and B 
denote the combination of the Higgs fields 



/2 

K V 

/2 



The right-handed triplet interaction with leptons is 



B 



/9 / \ 

5o = ^- [Ki(f>° - K2<t>2*) 

V2 



— ('^2<?if + Kl<l>f) 



s+ _ 

-Ly = SrvIHrVr ^ [vlhRCR + elhRVR) - S^'^elhRCR + h.c, 

where the first two parts are given by 



(79) 



(80) 



SrVl^rvr + h.c. 



(81) 



a>b 



and 



5+ _ 
-^ {vlhRtR + elhRVR) + h.c. 






vr 



ei 



a.l 



J2i^*R)a,< (KR)t 



PReiS+ 



^ A'U mf (fia. 



PLNaSi 



Since v^ = 0, the interaction of the left-handed triplet can not be simple obtained by taking i? — ^ _L in Eqs. 
To get this interaction we use relation h^ = hR ^ 0. Then 



(82) 
(81,82). 



^L^RhLVL + h.c. 



-^ J2 ^« \XaaSlPL + X:JI*Pr\ Na 
— E ^« \Xa,SlPL + XI^S^Pr] N,, 



and 



S+ _ 
^ [vRhLCL + e'RhLVh) + h.c. 



(83) 



(84) 



- ^^tY.^-Y.^-b {Kl)u PLei + ^SlY.''^ E (^4)„ {X*),,PrN,, 

vr , '-r vr ^ '—^ \ J lb 

a, I a, I 

The matrix X is given by 

Xab = V (uIUlY mf (uIUl) = Xba- 
^ — ^ V / ac V / cb 

c 

The quark part of the Yukawa lagrangian is the following 



(85) 
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^GF 



where; 






(90) 



ZG 



-j=K_^_(xi-yi), 021 = i=K+(x2-y2 



V2 



V2 



^12 = -VRig'vi - gyi), h?^,f = -VR(g'v2 - gy2) 



(91) 



(a6)^^ = s-!^K2a2R- KiaiR + —^auR 



(ah) 



WG 
2R 



-,WG 

Hl 



WG 



gVR 

-c <; K2a2R - KiaiR J^o-RR 

s{K2a2L - KiQil) 
-c{n2a2L - Klflli). 



(92) 



We can define new Goldstone fields using the ortogonal transformations; 



G 



G 









'^R 



G 



COS ^c — sin il), 
sin ^c cos il), 




(93) 




Mz^ Mz^ 



Mz^ Mz^ 




(COS Ipn sin Ipn \ / ^1 \ 
sin Ipn - COS Ipn J \ G^ ) 

Applying above definition of the Goldstons fields for the gauge fixing Lagrangian one gets; 

Lgf - 



1 WZ,, - iMz^Glf - 1 WZ2, - iMz^^Glf 

1 

I 
1 



[dm+^ + i^Mw^Gt] [3^2, - i^Mw^GT,] 



Now we can establish Fadeev-Popov Lagrangian of the theory. First using auxilary fields 5£ ^, B^ ^, 
change Lqf to the form 



(94) 



(95) 
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Because auxilary fields 5£ ^, Bj^ ^, Bb under BRS transformations give zero 



the F-P Lagrangian is explicitly as follow 

T -3 cBRS J oil TIT ^9^ r 



2^2 



Kl((t)°i -'?^r) - fi2{(t)°2 -(t'T) 



+ cis^^' \ d>^wsR, - -f- [K{r2 -r2*)- <ri -rn- '2vr{s«b - Sr 



+ 0^5 



:AxBRS 



d^B.-'^iS^B-^R) 



c+s^^^ I d^w. 



+ C^u ^u yy Bfi 



2 



+ c7^^^-]5''P^+, + ^h4--2^^] 



+ ct5^^' { d^l^ - ^ [n,4>2 - «2^r] + c-J^''' d^W^^ + f [n,4>t " -2^ " ^vnS+] 



KlCpi - K2(p2 



V^VrS't 



Putting for ghost fields c^ ^, c the same transformations as for gauge bosons (Eqs.(2.1.2),(2.1.3)), namely 



-sm£^ cos£^ J \ c; 



and 



Xi X2 


X3 \ 


/ ""^ 


J/1 J/2 


J/3 


C2 


Vi V2 


V3 1 


\ Co 



we get all fields in physical terms. Masses of ghost fields are 



(98) 



(99) 



(100) 



^1,2 



i^[m 



w^ 



("^ci.J^ = iS,{mz^^^f 



rrico = 0. 



(101) 



Finally let's write forms of propagators 
• Ghost fields 

iA{p) 



p^ - £,Mf + ie ' 



where Mi = < 



Mwi for c 



Mw2 for C2 
Mzi for ci 
Mz^ for C2 



i 



(102) 
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Part II 

Renormalization procedure. 

In this chapter we present definitions of renormalization constants on the mass shell scheme. The way how to calculate 
all counter terms for tadpoles, two and three point functions are given. Because unphysical particles do not appear in 
the external lines, we may impose any renormalization conditions for them thus we do not include them. Practically, 
it is convienient to use the minimal subtraction procedure (see [1]). 

IV RENORMALIZATION OF TADPOLES 

Lorentz invariance prevents tadpoles for fields other than scalar ones. Thus if the diagram 



denotes tadpole ti (i = H°, Hf, H^, H^^, Af, A*^) and the diagram 

^=Ti 

is an appropriate counter term Ti the renormalization conditions ti + T,- = give renormalization constants Ti. 

V RENORMALIZATION CONDITIONS AND COUNTER TERMS FOR TWOPOINT FUNCTIONS 

A Denitions of the renormalization constants 

All quantities below with (without) suffix denote bare (renormalized) ones. Capital "IJ" (small "ij") indices 
represent up (down) fermions in the left and right handed doublets. For abbreviation we denote neutral physical 
Higgses (i = H° , Hi, H2, H^, Al, A2) using i,j indices (e.g. Z^ys in Eq. (..)), single charged Higgses _ff*2 without '±' 
prefix (e.g. ^^+^+ = Z^^jjJ and analogically we treat doubly charged Higgses (e.g. ^/++^++ = Zg\gJ. 



72 72 



W2u I ^ ^W^Wi ^W^W^ 





- 1. - 1. 

y 2 y 2 

^WiWi ^WiW2 

y~ y~ 

^W2Wi ^W2W2 




^1,2 = 



-± 
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(108) 



(109) 



(110) 



2 


= M^^+SM^^=G'iyM^^ 


2 


= Ml+SMl=GlMl 


2 


= Mlo+5Mlo =GloMlo 


2 

Mi 


= Mf + SMf = GiMf 


2 


= Ml^+6Ml^=GlM'k 


2 
Mff± 


= Mli+6Mli =G'J,M'h, 


2 
M,±± 


= M^^,+SM^^,^GlMl 


2 
M,±± 


= M^^^^+SM^^^^=GlMl 


o2 


2 , r 2 — ^2 2 

= TO* + dnif = GfiTif 



i=l,2 (128) 

i=l,2 (129) 

i = l,2 (130) 

i = H°,H°,H°,HlA°,A° (131) 

i = l,2 (132) 

i=l,2 (133) 

(134) 
(135) 

/ = leptons, quarks. (136) 



B Renormalization conditions and counter terms 

1. Gauge-bosons. 



In all the following pictures in this section the diagram 




represents n-loop self-energy contribution, whereas 

is an appropriate counter term, 'fc' stands for the particle momentum. 
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wt, 



in 



wt 



2v 



_ kj^'\ j^WiW2/J^2\ , kEhL]^WiW2/J^2\ 



kAAAAAAA^X^A/WVW^ 



5m- - %F^ ) I (^^1 + ^^k) Zl,wAw.+ 



{M^^+SM^JZ^^^^Z, 



2W2^W2Wi 



1 



f^ '^U/. U/. -^1 



1 



1 



1 



72 75 



f^uM, 



li'^v 



WtWt^WtW2^ ^W2W2^W2Wt 

2 I x )i#2 



(^VFi + ^My^J ^ll'iVFi^ll'iVF2+ (^VF2 + <^^VF2) ^ll'j VF2 ^ll'2 Wi 



These equations allow us to calculate six renormalization constatnts (prime prefix in the renormalization conditions 
below means differentiation over k'^). 



Renormalization conditions 



Renormalization constants 



A^'^{M^W2) 



y 2 y 2 

y 2 y 2 

^WiW2' ^W2Wi 






(137) 



^1^ 



Iv 



(^..-^)a^^(P) 



^h^B^Hk^) 



kAAAA/WX^X^A/WVW^ 



9iiv 



(Ml 






^Ml^ 



{Ml+SMl)[zl,y + 



Z 



Z-2Z^ 



z 



ZiZ] 



Z 



Z-2Z\ 



z 



AZ^ 



{Ml + 6Ml^) [Zl^^y + {Ml + SMl) (Zl,) 
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^1^ 



A. 



9i-ip 






A^i^(P) + %^5^i^(P) 



kAAAAAAA^X^A/VWW^ 



9iiv 



KfiKu 



{Ml+SMl)Zl^X^^^ + 



{Ml+SMl)Zl,^^,^^^ 



Zi 



^ ^ '^ZiZi'^ZiA 



y 2 y 2 172 72 



^ [{Ml + SMl) Zl.^l^ + {Ml + SMl) Zl,^^ 



-2n 



A. 



{9,. - ^) A^^^(P) + !^B^^^{P), 



■^2^ Ay 

kAAAA/VV\>X^A/\AA/W^ 



9iiv 






{Ml+SMl)Zl^^Zl^ + 



{Ml + SMl) ZIZ2ZIA - k' {zIzMa + zIz2ZIa + 4z.4a)] + 



KfiKu 



{Ml + 5Ml) Zl.^^Zl^ + {Ml + 5Ml) Z^^^/l^^^ 



Renormalization conditions 



Renormalization constants 



2i(M|J=0, 


A^;(M|j = o, ] 


^=(M|J=0, 


A^2(M|J = 0, 


^^^(M|J=0, 


yl^i^(O) = 0, 


^=^(M|J=0, 


yl^2A(Q) ^Q^ 


^^^=(M|J = 0, 


A2iZ2(m|J = 


^'(0) =0, 


> 



72 72 72 72 72 72 

^ZiZi' ^ZiA' ^ZjA' ^AZi' ^AZa' ^AA' 

(5M2 , 8Ml ,z\ 7 ,z\ 7 ,z\ 7 . 

Zj\^ Z/2' Z/1Z/2' Z/2-^1' Z/2-^2 



(138) 
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Hr x-N nt 




FnMk'), ^ = 1,2 



Hr 

— , — X— 



nr 




H* 






■ — 




- {Ml + SMl) {Zl^y + P [Zl^y 




- (mI^ + 5Ml^ (Zl^^) ' + k' (Z^^) 


5 


= FH,H,{k'), 



Ut ^^ H| 



X- 



In this case 6 renormalization constants are fixed. 

Renormalization conditions Renormalization constants 



ll%j(lt\ = f ^ Zl^H.,Zl^H.,Zl^H.,Zl^H.,^Ml^,^Ml^ (140) 

Finally, 6 renormalization constants connected with doubly charged Higgses can be found. 
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o 



Af (A;2)l + Ki{P)j' + Ki^HP)k + Kij{P)kj' 



-^f- 



E 



o(^L 



H. 



(ma +(5ma)(Z|)aj- 



1 1+ 1 

-{Z^ )ia{ma+Sma){Zl)aj 

1 1+ 1 

^{Z^ )ia{ma+Sma){Zl)aj 



+ r 

+ k 



1 1+ 1 

-^{Zl )ia{ma+Sma){Z^)aj + 



(Zl 



h + ^ 



AZ 



L JC] 



kr' 



1. i + ^ 



1. i+^ 



'^i^L )ia{Zl)aj + -{Z^ )ia{Z^)aj 



\iz^* 



m. 



R Jtay^Rjaj 



Taking renormalization conditions 



I = J 



( Af (mf) + niiKi^iml) = 







= 



dk 



{K\'(P) + kK"(P)) 



(142) 



I > J 



A7(m|)+m,A7(m|) = 


= 


A7(m2)-m,A7^(m2): 


= 


A7(m2)+m,A7(m2) = 


= 


Kl\m'i) + niiKli^im^) = 


= 



(143) 



78 renormalization constants can be found. 

VI RENORMALIZATION OF THE REMAINING PARAMETERS 
A Denitions of the renormalization constants 

There are more free parameters in the Left-Right Symmetric Model than in the S.M. (cos cp, sin^, ^l,r, Kl,r)- Thus 
more renormalization condition must be introduced. We define the renormalization constants for remainig parameters 
as follow 
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where 



- -+ 

{SZL,R)ee = {5Zlr^)ee + (<^^£ R)ee 



(154) 



2. The renormalization constant SG(. 



One can determine the SGf constant from the WiViC vertex for example; 




Renormalization conditions Renormalization constants 



"("^e)r^,eVFi"("^e) \k^'=M„^= 



6G( 



(155) 



where 



/U / pi'.eWi I pi^.eVFi 






(156) 



and 



^^ ~ y2sine 



5Y + 5Zl^„^-5Ge-5G^ 



sin ^ 



cos^ ^ 



(A'i)/e + ^ E ((-^4)/^ + i5Zl^)lA) (KL)Ae 



\ E (('^4")5e + {SZ't)be) (KL)lb + 4.H^, 7^^ (^^'i)/e [ ^i 



sin^ 
y2sine 



[SY + SZ^^^^ - SGe + SG^] (Kr)j^ + ^ ^ ((-^4)/^ + (<^4^)/a) (A'ij)Ae 



^ E (('^4")^« + ('^4^^)^e) (^^'«)/^ + 4.W.^^iKR)le]PR 



(157) 



5, Tfte renormalization constants SGip, SGe ■ 



To determine the SG^ and (^G© renormalization constants we exploit an additional vertex - Zie e 
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Let us first concider the left handed part of the unrenormalized charged current interactions (for the right handed 
part all formulas are analogous) in the form 



NjI'PlKI 



(162) 



which in the renormalized quantities reads 



TVi^lS" {Kl + SKl) z[hL = Nl(i + r/Zl) 7" [Kl + SKl) U + \6Z'^ h 



[r 



Dec 



[sr 



Dec 



(163) 



where 



iSJ' 



Dec 



Nli" [ t/zIKl + SKl + I^lSZ'^ h 

Nli" [ t/zIKl + SKl + I^lSZ'^ h + Nlj" (\sZlKl - \sZlKl ) h 



+ Nli" [ ^KlSZ'^ - -KlSZ'^ ) iL- 



Using the formulas 



(164) 



K, 



uW 



L'^L 



UlUI=I 
ULUl= UlU'l 



/, 



(165) 
(166) 
(167) 



which are satisfied for the bar and renormalized quantities, for the one loop level we have 

it o' 



UlUl = {ul + SUl^ (t/[ + SU'l) = Kl + UlSU[ + SUlu[ = Kl + SuIUlKl + KlU'j^SU 
= Kl + SKl 



(168) 



and thus 



i^JDee = Nli' 



NlY 



I isz] + SZl) Kl + \kl (sz' + SZ\^ 



^{szI-SZl)+SuIUl 



KlIl + Nli^Ki 



\{szi-sz'^)+u'^sul 



Requiring that the antihermitean part vanish (i.e. the terms in square brackets) we may fix SUJ^ and SUl 



suI = -\[szI-szl)u 



(169) 



(170) 



SUl = -^Ul{sZl-SzI^ 



(171) 
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Part III 

Renormalization of the ZiUiUj vertex. 

VII THE GENERAL SCHEME 

Having definitions of renormalization constants we can go to the main part of our work i.e. to tlie renormalization 
of the ZiViVj vertex; 




We can decompose the full ZiViVj vertex in the two components, to the counter term part and to the contributions 
from the diagrams 

r^,..., = ie7''(r^r^+r^^''-''^) (i80) 

where 

Vl'p'-' = {Pl{CT)l + Pr{CT)r) . (181) 

The following bar Lagrangian contributs to the ZiViVj vertex 

Iz,...,= o '°\ J2a b l^a rPL (A" {nL)ab- A" {nR)ba) NbZl^ + 
2sin0cos0 'IV / 



Na I^Pr [ A]^ {nR)ab- A^^ (fii)6a ) #6^1^ + 





(182) 



Na I^Pl ( Al^ {nL)ab- Aj^ {nR)ba ) #6^2^ + 
Na I^Pr ( A|r {^R)ab- A" i^L)ba ) #6^2^ 



where 



2 



lli. 



A'^ =chs(t>-\Jl- c6s^ (t> —p^:^=== (183) 

1 - 2 sm e 

2 



^k = Vl- cSs^ ^ ,^-"\^ (184) 

1 - 2 sm e 

o 2 



A^ = VI- cSs' H cSs <j, /^" ^^ (185) 

1 - 2 sm e 
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VIII CALCULATIONS 

Analizing the previous paragraphs it is easy to realize that expressions needed for the renormalizing ZiViVj vertex 
in the Left-Right Symmetric Model are much more complex than ones for the Standard Model. To have a good test 
if the method really works we have decided to check the cancellation of the infinity part in the ZiViVj vertex. In fact 
it was the most important task to do. If our calculations failed all work would be useless. We have made numarical 
calculations using the "Mathematica" program, proving that all infinities in the ZiViVj vertex really cancell. Since the 
full formulas (i.e. the finity and infinity part) for renormalization costants take too much room we don't write them 
explicitly in the article ( we plan to put all of them on the server) . Here we show only the diagrams which contributs 
to the propagators and to the vertices used for the renormalization of the ZiViVj vertex; 




/p+.- 



Gi'? 



\g|;2 



-. HT 






-N^r 



-. K 




Hii.Gi.'i 



5;++,-- 
Ol.r 



Fig.l 
The A — A, Zi^2 bosons one loop self-energy diagrams. The summation is over the neutrino (I'ati^b) and the charged lepton 
flavors (la)- 
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Z,2, A 




■'a,b 





* > + 



H2, G12; 
Hi 



H, 



> > + 



H°, H?.2 ^ 



A?,G?,2 



5r S Sr 



^a,b 



-» — 4 — ♦ 1 — * •-^ — -I- 



8l> 8r 



H°, H?.2, A"?, G?.2 



./ 1, 1„ 





Fig.4 
The one-loop diagrams for the Ziee vertex. 
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Renormalization of the left-right symmetric model* 

P. Duka, J.Gluza and M.Zralek 

Department of Field Theory and Particle Physics 

Institute of Physics, University of Silesia 

Uniwersytecka 4, PL-40-007 Katowice, Poland 



s 
PACS number(s): 13.15.-f, 12.15.Cc,14.60.Gh 



Part I 

Model at the tree level. 

For consistency we have written down below the full Lagrangian at the tree level we use. As stated in this section we 
use the model where 

(i) manifest-left right symmetry (Eq.(23));... 

(ii) 9L = 9R ; 

(iii) Higgs sector is simplified .... 



I STRUCTURE OF THE LAGRANGIAN OF THE THEORY 

A Fermion and gauge elds 

In the SU{2)l ® SU{2)r ® U{1)b-l gauge model quarks (Q) and leptons (L) are placed in doublets 

L^L=(j^^ : (2,1,-1), L,n=(jl^ : (1,2,-1) (1) 

Q^L=h] : (2,1,1/3), 0,iJ= h;") : (1,2,1/3) (2) 

i=l,2,3 runs over number of generations. In paranthesis quantum numbers connected with SU (2) ^ ,SU (2) r,U (1) b-l 
groups respectively are assigned. The quantum number for U{1)b-l gauge group is obtained by means of particles' 
charge identification 



*This work was supported by Polish Committee for Scientific Researches under Grants Nos. 2252/2/91 and 2P30225206/93 



B Higgs sector of the theory 



In order to produce fermion mass matrices we need the following Higgs multiplets (again as, in the fermion case, in 
paranthesis quantum numbers {Tsl,Tsr,Yb-l) are given) 

'1 V 






,0 



T2(P T2 



1 V 
2' 2 



(13) 
(14) 

(15) 

(16) 



However, bidoublet (f) is not sufficient for breaking SU{2)l ® SU{2)r ® U{1)b-l gauge group to the standard 

' Kl ' 



with gauge transformation 

<f>' = \e-'a^i®(^) (g) e's«*®(^) ® Ig.A <{>. 
Consequently the most general Yukawa Lagrangian is given by 

Ly =Y^ LiL (h<j> + h<f] LiR + Y^ QiL (h<j,i + h^] QiR + h.c. 



SU{2)l ® U{1) one. This is because after SSB <({)>-- 
Explicitly 

Y <6> =0 



{T3l+T3r)<4>> = [Q--] <4>>=0. 



K2 



Y 



symmetry is broken to U{1) ® U{^) gauge group. 



(17) 
(18) 



There are other possibilities to break this gauge group to the SM one [?]. Among them the most popular is breaking 
using Higgs triplets (A^ ~ (3, 1, 2), Ar ~ (1, 3, 2)) in addition to the bidoublet (f) 



Al,r - I 



S 



L,R 



stJ^^ 



This Higgs sector leads to appropriate gauge symmetry breaking by the chain 

5t/(2)i ® SU{:i)r ® U(1)b-l ^ 5t/(2)i ® U(1)y "'^"" U(l) 

This will be shown in the next Section. 

Now we can build the kinetic part of the Lagrangian 



(19) 



(20) 



where 



i. = Tr|(D^Ai)'(D''A 



^ T T -> 



l)] + Tr [{D^Ar^ (DfAR)] + Tr [{D,4>f 



D^c 



(21) 



Di_,Al,r = 9^Ai__R - igL 



^Wl„Al 



ign 



-Wr^,Ar 



ig'B.ALR. 



(22) 



A The physical elds 
1. Gauge bosons 

Masses of gauge bosons are obtained from the Lagrangian Eq.(21) 

The charged and neutral gauge boson mass matrices 

M^,M^, are the followmg (m basis (<± = ^^{W^lT iW^L)^^^/ = ^^^W^rT iW^i^ and {W^l^W^r^ B^^), re- 
spectively) 

^^V-^(^_4^^^^ 4 + 24 

~r~K_|_ o~'tJ_|_ U 

M-^=\_9l^2^ ^(^^+4^1) -4gg'vl\- (27) 

These mass matrices are diagonalized by the unitary transformation for charged gauge bosons 

and by orthogonal transformation in neutral sector 

Cyj C Cyj S Syj 

'Syj CfYi C -\- SfYi S Syj CfYi S SfYi C ~\~Cyj Cf, 

(Xl X2 X3\ ( Zi\ 
Vl J/2 J/3 ^2 (29) 

where 





s{c)yj = sin{cos)Q, s{c) = sin{cos) 

COS fc) 

e , e 



^e' y^^^2e 



2. Fermions 



The Yukawa interaction for leptons has the following form 

Lvukawa = L^+L^+L§ = -Ll [hcj) + /i,^] Lr - LLCiT2hL^LLL - LRCiT2hRARLR (30) 

and from left-right symmetry (23) we get 



U'l^ mU'fi = mi (41) 

where rrii is a diagonal, positive 3x3 matrix and unitary matrices t/j^ ^ yield the physical lepton fields / = /^ + /^, 

tL,R = UIJl,r. (42) 

The Yukawa interaction for quarks equal 

L'ruka^a = E Q^L [''''^ + f"'^] Q^R + ^■'- (43) 

i 

Charge conservation does not allow for Majorana terms (Eq.30) to be present here. 
After SSB we get 



where 



Defining physical states 



we have 



L'Lass = -MuULUR - MddLdR (44) 



Mu = ^ [h^^ii + h^^i'j) , Mi = ^[ h^Ki + h^K2 ) . (45) 



^L,R = V^rUl,r, (46) 

dL,R = VijL,R (47) 



m„ = {mu,mc,mt)diag = V^^M^V^i, (48) 

nid = {md, m,,mb)diag = vf MdV^. (49) 



3. Higgs particles 



Minimalization of the Higgs potential gives us relation between physical and gauge Higgses, too Ik± = \/k^±k^ 
= — [i?o° i/^iao - K2&0) + H^ {Kiai - K2&1) + H^ {Kia2 - K2&2) + i^iG? - i^z^?] , (50) 



^°- /9 



+ 

= -j^ — [Ho {K2ao + Kiho) + Hi [K^ai + Ki&i) + H^ [K^a^ + K1&2) - iK^Gl - iKiA?] , (51) 



V2k 



+ 



61 = 1= {Hi + iA°) , (52) 

S°R = ^ icoH° + c,Hl + C2HI + iG°) , (53) 



The charged current Lagrangian (Eq.lO) 

Lcc = ^^l^{PLWt^ + PRW+^)l + h.c. (63) 

converted to the physical one is the following (Eqs.(39),(42),(28)) 

Lcc = Nji' [a^l^Pl + A^r^Pr) iW+^ + A^t" {a^l^ Pl + A^r^ Pr) iw+^ + h.c, (64) 

where 

a[^^ = -y=^— -cos CKl, a')^^ = — 7^^-^sm CKr, 

L V2sin0 S I.) R V2sin0 ^ "" ' 

A^^ = -^-^sin fKL, ^r' = ^" ^ cos fKR, 

L y2sin0 ^ -f-' R y2sin0 ^ ""' 

and Kl{Kr) are 6x3 mixing matrices 

KL = ului , Kr = uIu'r. (65) 

Similarely the neutral current Lagrangian in the L-R model is given by 

Lnc = . . ^ ' T^ [J^Z,, + J^Z,,] - eJl^^A, , (66) 

/ sm Kyw cos fc)vF 

where J^^ = I'jf'l and neutral currents JC2 are equal 

Jt = h" [A'IPl + A'^Pr] I + u^^ [A^I^lPl + A^^^rPr] V, (67) 



with 



and 



^L = uIUl, ^r = U^Ur; 

A^ = cos <f) g1 + sin <f) g£ , Aj^^ = cos <f) + sin <f) g£ 

Ay^ = cos<f> g% + sm<f> g'£, Aj^ = sm<f>g'j^, 

Af = cos <f> (^- g'£ j + sin <f>gl, Af = cos <f> (^- g'£j + sin < 

Ajl = cos (f) [-g'£ j + sin (f)g%, Aj^ = cos (f) [-g'^j , 



gl = -l + 2sin2e, g'£ ^ '''"' ® 



(68) 



Vcos20 ' 

g% = 2sin2e, g'£ = l^^S^S, g'j^ = -J^£®^, 

^^ ' ^-f* Vcos20 ' ^-f* Vcos20 

Quarks 

The charged current Lagrangian for quarks can be written in a similar way. The only difference is connected with 
other mixing matrices 

9 



+ 5''P^2"" [(- cose sine W^i+ + cos^ ^ P^2+ ) (j/i^i- + J/2^2. + J/sA.) 
- (-cose sine W'lt + cos2 e P^2l) (i/i^iM + J/2^2m + 2/3^^)] - /»-C-} 

- 5' { [sm^ e w^'^wt^, - cose sine iyvt'^w:^^ + p^r''^2+ ) + cq^^ e ^^2+" ^^2;] 

X (j/iZJ' + J/2^2 + S/3^'') (j/1^1^ + V'lZ'lv + J/S^i.) 

- [sm^e p^+'^p^i" - cosesme (p^2""^i+ + ^2+"^rJ + cos^e p^2+"^2"J 

X [yiZt + 2/2^2" + S/s^") [yiZi. + J/2 ^2. + j/sA.)} 



COS e sine (-w^2+,^r. + ^2",^i"l - ^1+^2". + ^r,^2t) + cos^ e (-p^2+,^2". + ^2",^i"l)] } 

2sin3ecose [W^^W^^W+'-Wl - W+^W^^W^^^Wl - W^^W+^W+'^W^, + W+^W+^W^''W^J\ 



4 sin e COS e 

1 



2P^r''^2",^i+''^2t - W+'^W.J^W^'-Wl - T^W+'^W.J^W+'-W.J^ - ^W-^Wt;N^^Wl 



2cOs3esine [W^r''W^2",^2+"^2"l - P^i+''P^2",^2""^2"l - P^r''P^2+ ^2+"^2". + ^i+''^2+ ^2""^2"J 
COS^e [P^2"''^2",^2+''^2"l - W^2+''^2",^2"''^2"l] } 

ig [dm^" [(cos^e W+^ + cosesme W+^) {yiZ,, + j/2^2. + V^A,) 

(cos^e W+^ + cose sine W+J) {yiZii, + 1/2^2^ + J/s^m)] " ^.c. 
di^W^" [(+ cose sine W+^ + sm^e P^2+) iViZi. + J/2^2. + V^A,) 

(+cosesine W+,+sin'^W+^) {yiZi^ + 1/2^2^ + VsA,,)] - h.c.} 



^M [cos' e W^r^^it. + cose sine {W+^W.-^ + W.-^W^+sm^C W+f'W.-^] 

(j/i^r + s/2^2 + s/3^") (yiZi. + y-zZ'zu + y^A,) 

[cos' e p^i+'^p^i" + cos e sine (w'2""^i+ + w+^w^^) + sm' e W+^W^^] 

[yiZt + 2/2^2" + s/s^") [yiZi. + J/2 ^2. + j/sA.)} 
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V2 






The right-handed triplet interaction with leptons is 

St 



-L§ = 5°RvlhRVR - -^ {vlhRCR + elhRVR) - S++elhReR + h.c. 



(78) 



(79) 



where the first two parts are given by 



Sr^l^rvr + h.c. 



-^E^« (E^^ [{^R)laPR5°R + {^R)laPL5°R^ Na 



^ E ^« E ^^ [("«)c5 {^R)ca PrSr + {^r)c, {^R)ca Pl^V] N, 



(80) 



and 



a>b 



S+ _ 

^ {vlhRtR + elhRVR) + /i.e. 



l7^ ^ ^ 



t'iJ 



e; 



a.l 



J2(n*R)^,mnKR)t 



PReiS+ 



^(a1) mf(fiy,„ 



i^LA^a<5_^ 



(81) 



Since v^ = 0, the interaction of the left-handed triplet can not be simple obtained by taking i? — ^ _L in Eqs. (81,82). 
To get this interaction we use relation h^ = hR ^ 0. Then 



Sll^l^hLl^L + h.c. = -^ J2 ^- [XaaSlPL + X:JI*Pr\ N^ 
^ a 

■ J2 ^« [XabSlPL + X:,SI*Pr] Nh, 



V2vR 

72 
vr 



and 



-^ [vRhLCL + e^^hLVh) + h.c. 



(82) 



(83) 



a.l 



-^^tY.^^Y.^^'^^^^^)biPLei + ^6iY,eiY.{^^l),M*)baPRNa, 

Vr '—f '—^ Vr '-^ '—' \ J lb 

a, I 

The matrix X is given by 

Xab = V (uIUlY m^ (uIUl) = Xba ■ 

c 

The quark part of the Yukawa lagrangian is the following 



cb 



(84) 
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^GF 



where; 






(89) 



ZG 



bf 



ZG 



—K\{xi-yi), al^ = — —K\{x2-y'?, 
VRig'vi - gyi), b^-f = -VR{g'v2 - gy-z) 



(90) 






(a&)2_R 

WG 

WG 
«2L 



gvR 
s \ K'2a'2R - KiaiR + -j=-aRR 



C< K2a2R - KiaiR 



s{K2a2L - KiQil) 
-c{n2a2L - Klflli). 



gvR 
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O-RR 



(91) 



We can see from this Lagrangian that Goldstone bosons G\ ,^ and Gj^ ^ must be join to give the 'true' Goldstone 
bosons Gj 2 and Gi 2 'eaten' by appropriate gauge bosons {Zf 2 and Wi 2, respectively). Only then we can get rid of 
unwanted bilinear terms in the Lagrangian^. So we can define new Goldstone fields using the ortogonal transformations 



Gf 



G 









wa „wa 



Mv 



G 



G 



cos tpc — sin tp, 
sin tpc cos tp, 




(92) 



and then one gets 




"11 "12 

"21 ^^22 

Mz^ Mz^ 




COS ^„ sin ^n 
sin ^„ — cos ip. 




^GF 



2^ 
1 

I 
1 



[S^^i^-eMz.G?] 



2^ 



[5''^2,-eMz,G^]^ 






(93) 



(94) 



Such situation takes place in all gauge models where more neutral and/or charged gauge bosons exist (e.g. in SU (2) (iijU (1)y ® 
U{1)y' or GUT models. 
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Because auxilary fields 5£ ^, B^ ^, Bb under BRS transformations give zero 



(96) 



the F-P Lagrangian is explicitly as follow 



igi 



+ 4,5^^' { d'^w.R, - ^ Mc^i - c^r) - n{r, - rc) - s^/^i-^^ - 5»r)] 



+ c 
+ c 



d^^B,.,-'-^{5°p-5°^) 






igi 






Putting for ghost fields c^ ^, c the same transformations as for gauge bosons (Eqs.(2.1.2),(2.1.3)), namely 



cos£, sin£, \ _ f c 



and 



-sm£^ cos£^ I \ c; 



xi a;2 «3 \ / ci 

J/l J/2 J/3 C2 

Vl V2 V3 I \ Co 



i 



we get all fields in physical terms. Then masses of ghost fields are 



(m ± f = iC{m^± f 

^1,2 '^'^1,2 



i'm^^f = «^("^Zi,2)^ 



(97) 



(98) 



(99) 



rrico = 0. 
Finally let's write propagators which come from the consider Lagrangian 
• Ghost fields 



iA{p) 



-1 



J92 - (Mf + is ' 



where Mj = < 



' Mw^ for cf 

Mw2 for C2 

Mzi for ci 

Mz^ for C2 



(100) 



(101) 
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Part II 

Renormalization procedure. 

In this chapter we present definitions of renormalization constants on the mass shell scheme. The way how to calculate 
all counter terms for tadpoles, two and three point functions are given. Because unphysical particles do not appear in 
the external lines, we may impose any renormalization conditions for them thus we do not include them. Practically, 
it is convienient to use the minimal subtraction procedure (see e.g. [3]). 

IV RENORMALIZATION OF TADPOLES 

Lorentz invariance prevents tadpoles for fields other than scalar ones. Thus if the diagram 



denotes tadpole ti (i = H°, Hf, H^, H^^, Af, A*^) and the diagram 

^=Ti 

is an appropriate counter term Ti the renormalization conditions ti + T,- = give renormalization constants Ti. 

V RENORMALIZATION CONDITIONS AND COUNTER TERMS FOR TWOPOINT FUNCTIONS 

A Denitions of the renormalization constants 

All quantities below with (without) suffix denote bare (renormalized) ones. Capital "IJ" (small "ij") indices 
represent up (down) fermions in the left and right handed doublets. For abbreviation we denote neutral physical 
Higgses (i = H° , Hi, H2, H^, Al, A2) using i,j indices (e.g. Z^ys in Eq. (..)), single charged Higgses _ff*2 without '±' 
prefix (e.g. ^^+^+ = Z^^jjJ and analogically we treat doubly charged Higgses (e.g. ^/++^++ = Zg\gJ. 
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W2u I ^ ^W^Wi ^W^W^ 





- 1. - 1. 

y 2 y 2 

^WiWi ^WiW2 

y~ y~ 

^W2Wi ^W2W2 




^1,2 = 



-± 
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(107) 



(108) 



(109) 



2 


= M^^+SM^^ =GlyM^^ 


2 


= Ml^+5Ml^=GlMl^ 


2 


= M^o + SM^o = G'qoMIjo 


2 


= Mf + 5Mf^GiMf 


2 

Mg± 


= Ml±+SMl± =GlMl^ 


2 


= Ml^+SMl^=Gl^Ml 


2 


= M^^^+SM^^^=GlMl 


2 


H H 


o2 

nit 


= mi -\-dmf = Gimi 



i=l,2 (127) 

i=l,2 (128) 

i = l,2 (129) 

i = H\HlHlHlAlAl (130) 

i = l,2 (131) 

i=l,2 (132) 

(133) 
(134) 

/ = leptons, quarks. (135) 



B Renormalization conditions and counter terms 

1. Gauge-bosons. 



In all the following pictures in this section the diagram 




represents n-loop self-energy contribution, whereas 

is an appropriate counter term, 'fc' stands for the particle momentum. 



21 



wt, 



in 



wt 



2v 



_ kj^'\ j^WiW2/J^2\ , kEhL]^WiW2/J^2\ 



kAAAAAAA^X^A/WVW^ 



5m- - %F^ ) I (^^1 + ^^k) Zl,wAw.+ 



{M^^+SM^JZ^^^^Z, 



2W2^W2Wi 



1 



f^ '^U/. U/. -^1 



1 



1 



1 
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f^uM, 



li'^v 



WtWt^WtW2^ ^W2W2^W2Wt 

2 I x )i#2 



(^VFi + ^My^J ^ll'iVFi^ll'iVF2+ (^VF2 + <^^VF2) ^ll'j VF2 ^ll'2 Wi 



These equations allow us to calculate six renormalization constants (prime prefix in the renormalization conditions 
below means differentiation over k'^). 



Renormalization conditions 



Renormalization constants 



A^'^{M^W2) 



y 2 y 2 

y 2 y 2 

^WiW2' ^W2Wi 






(136) 



^1^ 



Iv 



(^..-^)a^^(P) 



^h^B^Hk^) 



kAAAA/WX^X^A/WVW^ 



9iiv 



(Ml 






^Ml^ 



{Ml+SMl)[zl,y + 



Z 



Z-2Z^ 



z 



ZiZ] 



Z 



Z-2Z\ 



z 



AZ^ 



{Ml + 6Ml^) [Zl^^y + {Ml + SMl) (Zl,) 
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^1^ 



A. 



9i-ip 






A^i^(P) + %^5^i^(P) 



kAAAAAAA^X^A/VWW^ 



9iiv 



KfiKu 



{Ml+SMl)Zl^X^^^ + 



{Ml+SMl)Zl,^^,^^^ 



Zi 



^ ^ '^ZiZi'^ZiA 



y 2 y 2 172 72 



^ [{Ml + SMl) Zl.^l^ + {Ml + SMl) Zl,^^ 



-2n 



A. 



{9,. - ^) A^^^(P) + !^B^^^{P), 



■^2^ Ay 

kAAAA/VV\>X^A/\AA/W^ 



9iiv 






{Ml+SMl)Zl^^Zl^ + 



{Ml + SMl) ZIZ2ZIA - k' {zIzMa + zIz2ZIa + 4z.4a)] + 



KfiKu 



{Ml + 5Ml) Zl.^^Zl^ + {Ml + 5Ml) Z^^^/l^^^ 



Renormalization conditions 



Renormalization constants 



2i(M|J=0, 


A^;(M|j = o, ] 


^=(M|J=0, 


A^2(M|J = 0, 


^^^(M|J=0, 


yl^i^(O) = 0, 


^=^(M|J=0, 


yl^2A(Q) ^Q^ 


^^^=(M|J = 0, 


A2iZ2(m|J = 


^'(0) =0, 


> 



72 72 72 72 72 72 

^ZiZi' ^ZiA' ^ZjA' ^AZi' ^AZa' ^AA' 

(5M2 , 8Ml ,z\ 7 ,z\ 7 ,z\ 7 . 

Zj\^ Z/2' Z/1Z/2' Z/2-^1' Z/2-^2 



(137) 
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Hr x-N nt 




FnMk'), ^ = 1,2 



Hr 

— , — X— 



nr 




H* 






■ — 




- {Ml + SMl) {Zl^y + P [Zl^y 




- (mI^ + 5Ml^ (Zl^^) ' + k' (Z^^) 


5 


-=Fh,h,{P), ^,J = 1,2,; z^j 



Ut ^^ H| 



X- 



In this case 6 renormalization constants is fixed. 

Renormalization conditions Renormalization constants 



ll%j(lt\ = f ^ Zl^H.,Zl^H.,Zl^H.,Zl^H.,^Ml^,^Ml^ (139) 

Finally, 6 renormalization constants connected with doubly charged Higgses can be found. 
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o 



Af (A;2)l + Ki{P)j' + Ki^HP)k + Kij{P)kj' 



-^f- 



E 



-^iZl)l{ma+Sma){Zl)ar 



TA4)li^a+Sma)iZl) 



L)a] 



\{Zl)\a{ma+Sma){Zl) 



L JC] 



+ r 

+ k 



■lizbli^a+Sma)iZl)aj + 

li-i- i li-i- i 

-^(ZDiaiZDaj + ■^{Z^)ia{Z^)a^ 



kr' 



i-L| J- i-L| i 

"j^i^DiaiZDaj + 2iZR)iaiZR)aj 



Taking renormalization conditions 



I = J 



( Af (mf) + niiKi^iml) = 







= 



dk 



{K\'(P) + kK"(P)) 



fl41) 



I > J 



K\'{m])+m,iq{m])-- 


= 


Kl^{mf)-m,Kl^^{mf)-- 


= 


Kl'{ml)+mJCf{ml) = 


= 


Kl\m'i) + niiKli^im^) = 


= 



(142) 



78 renormalization constants can be found. 

VI RENORMALIZATION OF THE REMAINING PARAMETERS 
A Denitions of the renormalization constants 

There are more free parameters in the Left-Right Symmetric Model than in the S.M. (cos cp, sin^, ^l,r, Kl,r)- Thus 
more renormalization condition must be introduced. We define the renormalization constants for remainig parameters 
as follow 
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where 



{SZL,R)ee = (SZl^),, + (SZl^) 



(153) 



2. The renormalization constant SG(. 



One can determine the SGf constant from the WiViC vertex for example; 




Renormalization condition Renormalization constant 



where 



and 



"("^e)r^,eVFi"("^e) \k^'=Mw^= 



6G( 



fj. j-pi^,eWi I pi^.eVFi 






^^ ~ 72 sin 6 



SY + SZ^^^^-SG@-SG^ 



sin ^ 



cos^ ^ 



(154) 



(155) 



(A'i)/e + ^ E ((-^4)/^ + (<^4)L) (A'i)Ae 



I E (('^4^)5e + (<54^)L) (KlU + 4.1^,7^^ (A'L),eUi 



sin^ 






(156) 



3. The renormalization constants &G a,, SGe . 



To determine the SGtp and 5G@ renormalization constants we exploit an additional vertex - Zie e 
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Let us first concider the left handed part of the unrenormalized charged current interactions (for the right handed 
part all formulas are analogous) in the form 



Lcc] ex # -/"Pl Kl 

left 



which in the renormalized quantities reads 



= iJDcc + i^JL)cc 



(161) 



(162) 



where 



Using the formulas 



(W£)^^ = Nlj" ( t>^zIKl + SKl + t^KlSZ^ ) h 



Nli" [ ^SzIKl + SKl + \klSZ'j\ h + A^lt" (^SZlKl - ^SZlKl ) h 



Nli" (\klSZ'^ - \klSZ'^ 



(163) 



K, 



ului 



UlUI=I 
ULUl= UlU'l 



I, 



(164) 
(165) 
(166) 



which are satisfied for the bar and renormalized quantities, for the one loop level we have 

UlUl = {ul + SUl) {Ul + SUl) = Kl + ulSUi + SUlui = Kl + SuIUlKl + KlU'^SUI 
= Kl + SKl 



(167) 



and thus 



(^Jl)cc = Nli' ^ 7 (<^4 + SZl) Kl + -Kl {sz^ + SZ'^ ) \ h 



+ Nli'' 



^[SzI-SZl)+SUJUl 



KlIl + Nli^Kl 



\{szi-sz^l)+u^^sui 



Requiring that the antihermitean part vanish (i.e. the terms in square brackets) we may fix SUf^ and SUl 

SUl =-- (szl -SZl) uI 



(168) 



(169) 



SUl = -^Ul{sZl-SzI 



(170) 
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Part III 

Renormalization of the ZiUiUj vertex. 

VII THE GENERAL SCHEME 

Having definitions of renormalization constants we can go to the main part of our work i.e. to tlie renormalization 
of the ZiViVj vertex; 




We can decompose the full ZiViVj vertex in the two components, to the counter term part and to the contributions 
from the diagrams 

r^,..., = ie7''(r^r^+r^^''-''^) (179) 

where 

r^T ""^ = {Pl{CT)l + Pr{CT)r) . (180) 

The following bar Lagrangian contributs to the ZiViVj vertex 

Iz,...,= o '°\ J2a b l^a rPL (A" {nL)ab- A" {nR)ba) NbZl^ + 
2sin0cos0 'IV / 



Na I^Pr [ A]^ {nR)ab- A^^ (fii)6a ) #6^1^ + 





(181) 



Na I^Pl ( Al^ {nL)ab- Aj^ {nR)ba ) #6^2^ + 
Na I^Pr ( A|r {^R)ab- A" i^L)ba ) #6^2^ 



where 



2 



lli. 



A'^ =chs(t>-\Jl- c6s^ (t> —p^:^=== (182) 

1 - 2 sm e 

2 



A^^ = _^l_ cSs' ^ ,^-""^Q (183) 

1 - 2 sm e 

o 2 



Af = Vl- cSs' H cSs <j, /^" ^^ (184) 

1 - 2 sm e 
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VIII CALCULATIONS 

Analizing the previous paragraphs it is easy to realize that expressions needed for the renormalizing ZiViVj vertex 
in the Left-Right Symmetric Model are much more complex than ones for the Standard Model. To have a good test 
if the method really works we have decided to check the cancellation of the infinity part in the ZiViVj vertex. In fact 
it was the most important task to do. If our calculations failed all work would be useless. We have made numarical 
calculations using the "Mathematica" program, proving that all infinities in the ZiViVj vertex really cancell. Since the 
full formulas (i.e. the finity and infinity part) for renormalization costants take too much room we don't write them 
explicitly in the article ( we plan to put all of them on the server) . Here we show only the diagrams which contributs 
to the propagators and to the vertices used for the renormalization of the ZiViVj vertex; 




/p+.- 



Gi'? 



\g|;2 



-. HT 






-N^r 



-. K 




Hii.Gi.'i 



5;++,-- 
Ol.r 



Fig.l 
The A — A, Zi^2 bosons one loop self-energy diagrams. The summation is over the neutrino (I'ati^b) and the charged lepton 
flavors (la)- 
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Z,2, A 




■'a,b 





* > + 



H2, G12; 
Hi 



H, 



> > + 



H°, H?.2 ^ 



A?,G?,2 



5r S Sr 



^a,b 
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Fig.4 
The one-loop diagrams for the Ziee vertex. 
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with appropriate gauge boson transformations 

- ^— e-''^^.«?®Wa„ fe^'^^'^^eW) (1.1.8) 

B' = R - le-Vi-eWa, (e^'^'^^W) . (1.1.9) 

^ ig ^ ' 

Gauge transformations defined in Eqs.(1.1.4)-(1.1.9) allow in consistence 
way to build up two kinds of invariant interactions. The first one gives 
fermion-gauge interaction 

Lf= Y. ^Lr(id,-g^-WL,-ig'\B\^L + {L^R). (1.1.10) 

The second one gives gauge-gauge interactions 

L, = -\W]^-Wu,. - \w]^.Wn.,. - Ib^'B,. (1.1.11) 

where 

W^L^R = d'W^L,R - d'^Wi^L^R + g{Wi:L,RW;^L,R - Wl^Lfi'^l^fi) (1-1-12) 

B^"" = d^B" - d^B^. 

Gauge bosons Wj^ j^^ B^ are given in weak basis. Appropriate transformations 
to physical basis are given in Section 2. Until now fermion and gauge fields 
are massless - mass terms which could appear are not gauge invariant. To 
make them massive we introduce scalar fields - Higgs particles. 



This Higgs sector (containing bidoublet (f) and triplets ^l,r) lead to ap- 
propriate gauge symmetry breaking by the chain 



G = SU{2)l ® SU{2)n ® U{1)b-l ^ SU{2)l ® U{1)y '^' U{1) 



1.2.8) 



This will be shown in the next Section. 

Al ~ (3,1,2), Ar 
part of the Lagrangian 



Al ~ (3,1,2), Ar ~ (1,3,2) and </> ~ (^,^,0) fields build the kinetic 



2' 2 ' 



L = Tr [{D.ALy [D^Al]] + Tr [(i), A^)^ [D^Ar]] + Tr [{D,<py {D^<P)] . 

(1.2.9) 
where 



-> T T -> 

Di^cf) = d^(j) - igLWLi^-(t)tgR(t)-WRi^, 



D„A 



li^L,R 



df,AL,R - IQL 



^w^1.,Al 



^QR 



^Wr,,Ar 



ig'Bf,AL,R. 
(1.2.10) 



1.3 Higgs potential 

Before spontaneous symmetry breaking the Lagrangian has the left-right sym- 
metry specified by the transformation 



*L f^ *j? , Al^ Ar and (j) ^ (j)^ 



1.3.11 



where ^l,r are the column vectors containing the left-handed and right- 
handed leptons. We consider the most general Higgs potential ([?] and [?]) 



V 



III [Tr [</>+</>]) - III [Tr [#+] + Tr [^^ 
l4 [Tr [AiA[] + Tr [ArA\ 



following inequalities can be obtained (/€_|_ = \ hi\ + k 



-2 I ,^2^ 

''2J 



Ui? >> /€+ >> UL. (1.3.4) 

2 Lagrangian in physical basis 

2.1 Physical fields 

Bosons 

Masses of gauge bosons are obtained from the Lagrangian Eq.(l.l.lO) (we 
assume that g^ = gn) 

The charged {w^^ = -^^{W^l T ^W^2l), ^/^^ = ^.iWm T iW.^j,) and neut- 
ral [W^j^^W^ji^ B^) gauge bosons mass matrices M^^Mq are the following 

{VL = 0) 



1>2 _ 


_ ^V 4 


-4:KiK2 \ 




viw - 


4 V-4/€i 


K2 k\+2v\J 






/44 


-44 





M^ - 

Mq - 


= -44 


4(4 +4^1^) 


-Agg'vl 




V 


-4^^'t;|j 


^9"vl 



f2.1.11 



These mass matrices are diagonalized by the unitary transformation for charged 
gauge bosons 



/ cosil sin^ \ 
\ —sin^ cos^ I 

and by orthogonal transformation in neutral sector 





f2.1.2) 








X\ X2 ^3 

yi y2 y3 \\ Z2 \ (2.1.3) 

Vi V2 V3 

7 




with 

Md = hKr + JikI, Mr = 2hRVR, Ml = 2hlvl = 0. 

Using a transformation 

UR = UfiR (2.1.9) 

such that U'^ MU = M is diagonal, positive mass matrix we get 

LMass = -^filMfiR + h.c. = -^NMN, (2.1.10) 



with 

By an appropriate decomposition of the matrix U 



N = hR + hl = nR + Cfil. (2.1.11: 



U 



ui 



_R J 



f2. 1.121 



where both matrices Ul and Ur have the dimension (3x6), the weak eigen- 
fields yL,R can be expressed through the mass eigenstates 



VL = ULhl = UL{PLN), 

VR = URhR = UR{PRN) 



(2.1.13) 



where 

Pl,r= 2(1^75)- 
The mass matrix for the charged leptons is given by 

Mi = hKi + hK;, (2.1.14) 

and is diagonahzed by the biunitary transformation 

U'JmiU'r = Ml (2.1.15) 

where M; is a diagonal, positive 3x3 matrix and unitary matrices U^ r yield 
the physical lepton fields I = II + Ir^ 

Il,r = UIJl,r. (2.1.16) 



SI = -1= (i/3° + zA°) , (2.1.26) 

S^'n = -^(coi/o° + cii/i° + c2i/° + ^G°), (2.1.27) 



= ai2i/2+ + «ii?G+ + 01^^+ (2.1.28) 



V2K+VR I "'"'"V"^'"' V '^" 



"^+\l+k77^^ '«+\l+l^? 



''+ 



= a22H+ + a2RG+ + a2LGt (2.1.29) 

(^+ = i/+, (2.1.30) 

5+ = ^ =G+ + ^^ ^ H+ (2.1.31) 

f + (^) f + (^%") 

= ai?i?G+ + a2i?i/2+. (2.1.32) 



Gj^^,G^2 ^^^ Goldstone bosons, Hf (1=0,1,2,3) are neutral scalars with 
J^'^' = O"*""*", A^2 3'i'6 pseudoscalars with J^'^' = 0"' and H^2 ^^^ single 
charged Hlggs bosons. The doubly charged Hlggs bosons are already phys- 
ical. Constants a^, 6i, q (1=0,1,2) stands for elements of unitary matrix which 
dlagonallze masses of part of neutral gauge Hlggses (see []). Present exper- 
iments gives us bounds on masses of additional gauge bosons W2 and Z2 
(see section 2.3) which are present In the model from which the following 
Inequalities can be obtained 

Vr » /€+ >> Vl 

and then relations (4-11) can be simplify 

</)? ~ -^-^[kiH^-K2H^ + ikiG°,-ik2A^,], (2.1.33) 

</)° ~ -^-^[k2H^ + kiH^-ik2G°,-ikiA^,], (2.1.34) 
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where 

and Kl[Kr) are 6x3 mixing matrices 

Kl = uIuI, Kn = uiul (2.2.3) 

Similarely the neutral current Lagrangian in the L-R model is given by 

Lnc = TT—^ FT [-^"^1^ + '^2"^2,] , (2.2.4) 

2sm k)w cos k)w 

where two neutral currents Jf 2 for leptons are equal 

Jf = h^ [aIPl + A^^Pr] I + ^r [A'^Pl + A'^Pn] u, (2.2.5) 

where 

A\^ = cos (f) gl -\- sincf) g£, A]^ = coscf) -\- sincf) g£ 

A]l = cos (f>g% + sin (f>g'j^, A]^ = sm(f> g'^, 

Af = cos </) (-gi) + sin </) gl, Af = cos </> (-gi) + sin </>, 

Ar = cos (j) [-g'^) + sin (j)gl^, Aj^ = coscf) {-g'^) , 

and 

gl = -l + 2sin^0^, g'£ = -^^, 

g% = 2sin^0^, g'i = i-|^, 



3R Vcos2evi^ 



Quarks 



(2.2.6) 
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and 



9i 


= 


— cos^ Qw — 


sin Qw 
3 


9i 


= 


Isin^Qw, 




9r 


= 


-|sin2 0^ 




9l 


= 


sin2 @w 




3\/cos 2&yY ' 





sin^e 



^i 3Vcos2evi/ ' 

S'^ = Vcos20vi/ + 



sin^ e 



tt= 



3Vcos2eviA' 



5'^ = -Vcos20vi/ + 



'd 



3Vcos2eviA' 



9l = 9£ 



2.3 Gauge-Gauge interactions 

This Lagrangian is defined in Eq.(1.1.12) which can be written in physical 
basis taking into account Eqs.(2.1.2),(2.1.3). 

2.4 Fermion - Higgs and Goldstone boson interactions 

The lepton sector (Eq.(2.1.4)): 



UL {h4>\ + h4>l*) UR + h.c. 



Ea Na 



(Oi)„„ m^Bo + E (Kl)^, {K*r)^, miAl 



P, 



R 



+ 



m^a {^l)^^ Bl + Y: (KDai {KR)ai miA, 



Pl \ K. 



+ Y.Na{[ ((Oi)„, mf (0^)^, + in,\^ mf (0^)^ J 50 



a>b 



+ ^ m, ((A^i)„, (A^;^),, + {Kl\, {K*^)J Al 



P 



R 



+ [[{^l\c rn^ i^nU + i^L\^ rn^ i^R)ca) ^o 






Pl ^ N, 



f2.4.11 



i/L (/i</)7 - hcj)'^) cr + e^ (/i(/)2 - hcj)^ ) ur + h.c. 
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where the first two parts are given by 
^R^lhR^R + h.c. = 

- -ENalE^c [i^R)c, i^R)ca PrSr + i^R)c, i^R)ca Pl^'r] ^6) 
^Ra>b \ c ^ V 



and 



S^R 



r- yv\hReR + e\hRVR) + h.c. 






Y.i^R).,<{i<R)u 



PReiS+ 



+ ei 



E(/4) -f(f^?.L 



PLNaS], . 



(2.4.7) 



To get the interaction of the left-handed triplet the indices L(R) in the formu- 
lae (35) and (36) should be replaced by R(L) (if vl ^ 0). If the left handed 
triplet does not condensate [vl = 0) it will still interact with the leptons 
(hzj = Hr ^ 0). Then to get its interaction with physical leptons we have to 
use the formulae 



^L^Rhhi^L + h.c. 



^ ^ iv. [x^jIPl + xiXpr] Na 



+ 



V2 



vr 



Y, Na [x^bSlPL + x:,sI*Pr\ n, 



(2.4.8) 



a>b 



and 



-y= {u'j^hLeL + e'j^hLUL) + h.c. 



(2.4.9) 



^^t T^NaT. X^, {K,\, P,e, + ^51 Y: -ei E {kI) ,, iX*\a PRNa 

^R aJ b ^R aJ b "" 
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+ W!" 



3R 



""' "d^ct^t) - (a,<^r)) - ^ ((5.<^?) - (5.<^r)) 



V2 



^ 



+ W^^[K,d,ci)--K2d,ci)-)-W^-[K,d,ci)t-t^2d,ci)+)] (3.1) 



and 



L-« = -W'^B^ [d,Sl* - d,8l] + +^9^Wi:^ [d,8l* - d,8l] 



-A, 
^2 



+ z^^ [W^i^- id,8t) - Wi^^ {d,8-^ 



(3.2) 



That is why we prepare appropriate gauge fixing lagrangian which causes that 
these bihnear terms are canceled. 

In physical terms this lagrangian is read 



L 



GF 



+ [d^Z,, - 2ial^G°^ + \d^Z^, - lihl^G^^'^ 

+ 2 \^rwt, + 2e(a6)l^^G^] \^rw^, - 2i{ahS^^'G-^ 

+ 2 \^rWt, + 2eal^«G'+] [a-lFf, - 2eal^«G'z] 

+ 2 [a-lF+ + 2e(a6)^«G'+] [a-lF- - 2e(a6)^«G']^ 

+ 2 [a-lF+ + 2ea^^G'+] [a-lF^; - 2ea^^G'z] } 



where 



[a^f + (&f,^)^ = ra\ [a^f + (6|«)^ = ra\ 



where: 



M^G\2 



+ a 



M^G^2 
IL 



?71 



M^, 



. ((«&) 



M^G\2 
2_R J 



+ a 



M^G^2 
2L 



?71 



M^2 



(3.3) 



(3.4) 



,^G 

ni 



9 2 ( \ ZG 



9 2 ( \ 

-^K^{X2-y2) 



hi 



ZG 



VRig'vi - gyi), 622 = -vr{9'v2 - 9y2) 



(3.5) 
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5 
8 

and for gauge bosons 



where similarely like for W bosons we have 

ciR = ^{cl^T^clR) (3.8) 

Because auxilary fields B^ ^, -^Li?? Bb under BRS transformations give zero 

s^^'b!:%^, = 0, 

the F-P Lagrangian is explicitly as follow 



d'B, - '-^{S-R - S^n) 



I -4 c BRS 
+ CO 



+ cis^^s\crw^^ + '-f[.,cf.t--2cf^t 
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where 



f Mw,, for Wt, 



M, = I Mz,,, for Zi,2 

for photon 

-for neutral and charged Higgs bosons 



iA{p) 



(3.15) 



p^ - M^ + le 
-for neutral Nambu-Goldson particles 



(3.16) 



iA{p) 



w 



here M,- 



p2 - 2(M1 + le 
for charged Nambu-Goldson particles 



iA{p) 



p2 + 2^Mf + le 



where M,- 



{af['f + {<f for G? 
{hf?f + {h^2?f for Gl 

(3.17) 



[{ah)Yn^Y + [{ah)^j,^Y for G 



R 



,WG\2 



+ a 



WG\2 
2L 



for Gl 

(3.18) 
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2 


(4.1.15) 


Mz= Ml + 8Ml = GlMl 


(4.1.16) 


Mh= Ml + 8Ml ^ GlMl 


(4.1.17) 


m]= M] + 5M] ^ G'jM] 


(4.1.18) 


e=Ye, 


(4.1.19) 



where quantities with (without) suffix denote bare (renormahzed) quant- 
ities, H (G) represents an arbitrary Higgs (Goldston) particle, Mj is the fer- 
mion mass, capital (small) indices "ij" represent top (bottom) fermions. In 
the near future we are going to calculate Z decay into two light neutrinos in 
one-loop aproximation in the LR model, so the examples in this paragraph ( 
for instance the renormalization constants ) has been chosen according to this 
task. We use for our calculations on-shell renolmalization framework which 
has been used by Aoki, Hioki, Kawabe, Konuma, Muta ( ). 

4.2 Renormalization conditions and counter terms for 
two-point functions (proper self energies) of phys- 
ical particles. 

4.2.1 Gauge-bosons. 

In all the following pictures in this section the diagram; 




represent n-loop diagram, whereas shaped like this; 



X' 
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z. 



2)1 




A„ 



Qi-ii' 



fc2 



f^l-i'^i' TD Zo A I 



A^2^{k^) + ^B^^''{k 



z. 



2fM 



-Xc 



A, 






5m|j(4z24a) + (Mi, + ^Mi,)(4i^.4 






Afi 




A 



V 



g,.-^)A^{P) + ^B^{P), 



Afi 



-X- 



A 



V 



9ii.u 



fc2 



ml+^Ml){ziAf-kH{ZlJ'+ 



iz. 



Zoa) 



+ {Z_ 



AAl 






(M|^+^M|^; 



iZlAr + iMl+SMl){Zl^) 



Renormalization conditions 



Renormalization costants 



A^(0) = 0, 
A^i^(M| ) = 0, 
A^^^{Mi) = 0, 



A^'(O) = 0, 
A^i^(O) = 0, 
A^2^(0) = 0. 



72 72 72 72 72 72 

^ZxZx^ ^ZxA^ ^^2^' ^AZi5 ^^^2' ^AA^ 



(4.2.1.2) 



4.2.2 Fermions. 



e 



IC^{k')l + K'^{k')f + KlHk')k + K'^^{k')kf, 
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We show the Wi boson self-energy diagrams on figure 1. We use the following 
symbols; " number" d is the number of diagrams and " number" nsp (csp) (dcsp) is 
the number of neutral (charged) (double-charged) scalar particles which contribute 
to the diagram. The renormalization costant SMyy is determined by: 



128 



^A^(M^J + ^M2.^=0. (4.3.1.1) 



n=l 



From equation 4.3.1.1 one gets: 

SM^^ = -E™,„,™,,^4'^4'^^ [{^M^^){^Cuv + Re J^ dx{x - l)lnD2{mLa,mLb,x)) + 
4rF(~("^ia + f^'ibl^uv + 2m'^{mLa, mLb)Re Jq dxlnD2{mLa, "^Lfc, a;))J - 
T.m^.,m^MR^R^ [{^M^^){lCu-. + Rej^dx{x-l)lnD2{mR,,mRb.x)) + 
irp (~("^L + '^Rb)Cuv + 2m'^{mRa, ■mRb)Re j^ dxlnD2{mRa, niRb, a;))J - 
S™..,™..^4'M'^'^ [{^M^J{lCu, + ReJ^dx{x-l)lnD2{mLa,mLb,x)) + 
4rF(~("^ia + fn\j,)Cuv + 2m'^{mLa, mLb)Re Jq dxlnD2{mLa, mLb, a;))J - 
J:„^^.,„^^,^A^R^'A^R^'^ [{^ M^J CeC^, + Re J^ dx{x - l)lnD2{mRa, fURb, x)) + 
irp (~("^L + '^Rb)^'uv + 2Th'^{mRa, mRb)Re j^ dxlnD2{mRa, niRb, x)) 
-g^ {{cos^^x^ + stn^^y^y [{fM^^ + f (M^,^ + M|J)C„, + 3 (^ 



i6n2; 

Re Jq dx{9m'^{Mwr ,Mz,) + M^^ (5 + lla;^ - llx))lnD2{Mwr , Mz, , x)\ + 

stn'^cos'a^^ - y,f [(f M^.^ + f (M^.^ + Ml))Cu. + 3 ^^i^2i±^ _ <i 






Re /o dx{0ifn^{Mw2,Mz,) + M^^ (5 + lla;^ - llx))lnD2{Mw2i Mz,, x)\ + 
{cos'^X2 + stn'^y2r [{fM^, + f (M^.^ + M|J)C„, + 3 ^^fkl^ _ % 
i?e /o dx{9m^{Mw, , M^^J + ^M^i (5 + Ha;^ - lla;))/raLi2(MM/i , Mz^ , a;)] -^ 
s^n^^cos^ax2 - V^? [(f M^.^ + f (M^.^ + M|J)C„, + 3 ^^i^2i±^ _ ^ 



i?e /o dx{'9m^{Mw^,Mz^) + M^^ (5 -F lla;^ - \\x))lnD2{Mw^,Mz^,x)\ ■\- 
{cos'^xs + stn'^ysr [ifM^, + f (M^^ + 0))C„, + 3 (^%i^ - %) - 
i?e /o dx{9m'^{Mwi , 0) -F M^^ (5 -F lla;^ - llx))lnD2{Mwi , 0, a;)] } -^ 
_A^^2 [_(si„4^ ^ cos4^)M2,^ (3C„, + 1 - SlnM^J - 2cos^^sin^^M^^ 
{3Cuv + 1 - 3lnM^J + {cos^^xi + sm^^yOMl^ (3C„, + 1 - 3/nM|J + 
(cos2^a;2 + sin^^y2)Ml^{3Cuv + 1 - 3/nM|j] + 
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[■:^{iaiRCG - ia2RCA)sinS, + -^{-iaiRCA + ia2RCG)cosS,j 
( l^j {Cuy + l)-2Rel^dxD2{0,0,x)lnD2{0,0,x) + 

[-;y^{-iaiRCA - ia2RCG)sin^+ -^{-iaiRCfj - ia2RCA)cos^j 

( + Ml^ - -^\ {Cuv + 1) - 2i?e /o' dxD2{Q, MA„x)lnD2{0, Ma„x) 

(■^(aiLCio - a2LC2o)sinS, + -^{aiLC2o - a2LCw)cosS,j 

+ Ml, - ^^ ) {Cuv + 1) - 2i?e /o^ dxD2{Q, Mho, x)lnD2{0, Mho, x) 



(■^(aiLCii - a2LC2i)sinS, + -^{aiLC2i - a2LCii)cosS, 



+ M^, 



- ^ j {Cuy + 1) - 2i?e /o^ rfa; 152(0, M^o, a;)/nl}2(0, M^o, 



( ^(aiLCi2 - a2LC22)sinS, + -j^{aiLC22 - a2LCi2)cos^ 



\v^ 



V2^ 



MS 



p- {Cuv + 1) - 2i?e /o rfa;Li2(0, Mho, x)lnD2{0, Mho, x] 



Ml 



+ M2 
-"2 

(■^(^aiLCG - ia2LCA)sin^ + -^(-iaiLC^ + «a2LCG)cos^j 

r2 \ 

^ ] {Cuv + 1) - 2i?e /o rfa;Li2(0, 0, a;)/nLi2(0, 0, x) 

[-^{-iaiLCA - ia2LCG)sin^ + -^{-iaiLCG - ia2LCA)cos^ 
r2 ^m 



+ 



+ 



+ 



+ 



Q + Ml^-'-f^] {Cuv + l)-2ReJ^dxD2{0,MA„x)lnD2{0,MA„. 



^sin^ 



M^ 
2 llifL , „2 

"'RR 3 ^ "'R2 



2a 



R2 



^COS^ 



i6n2y 



°R -"2 

M2 + M2 _ 



-"2 



M'w, 



'^'^RR 



M'w, 



+ 



^r 



^1+^4+ 






A^^, 



A^^l 



+ 2(M^,+M^V 



2 



«12 + «22) + Ia22ai2{sin2^) + 2afj2S«ra2^ M^+ C„^ + 1 - /raM^+ 



A^^, 



+ 



_H7 



°R 



Cuv + l- InMl^ 
Cuv + l- InM^^^ 
Cuv + l- InM'j^^ 



+ 
+ 
+ 



cioC2osin2^ + ^c^sira^^ + \{cIq + c^q) 



22) 



ci2C22sin2S, + \c\sin'^^ + ^(0^2 + C2 






C„^ + 1 - /raM^ 

2 



Cuv + l- InMf 



Cuv + l- InM^o 



CACGsin2^ + i(c^ + 4)] ^lo [C„, + 1 - InMlo] } 
where; 



+ 
+ 
+ 



Cuv 



7 + InAnfj, , 7 = Euler constant. 



D2{mi, m2, x) = m^(l — x) + m2X — k x{l — x) — ie. 



(4.3.1.2) 

(4.3.1.3) 
(4.3.1.4) 



+ 
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+ E. 



9 > + 
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5U> 5r 






y > + 



> * > — 9-^ — 9-^^- + L„ 



-> — 4 > • > •— > + 
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8U> 5r 



H°, H^,2, A^, Gtz 



■'a.b 



-^— # — » 



Va Vb \ 



-^— # — »- 



-^— # — »- 




H, 2, Gi, 




ti . ^1,2,3, 



